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1.0 SUMMARY 


This report, along with the companion Comprehensive Data Report, 

R81AEG212, summarizes the experimental and analytical results of a scale-model 
free-jet acoustic exploratory program performed by the General Electric Company 
under NASA-Lewis Research Center sponsorship on unsuppressed high-rad ius-rat io 
coannular plug nozzles with inverted velocity profiles. The nozzles selected 
for test were nozzles covering the range of geometry and class applicable to 
General Electric designs for dual-flow exhaust nozzles typical of a variable 
cycle engine (VCE) for advanced supersonic technology (AST). 

In all, six high-radius ratio coannular plug nozzle models, along with a 
baseline conical nozzle, were tested for simulated flight acoustic evaluation 
in the General Electric Anechoic Free-Jet Acoustic Test Facility. The models 
tested were primarily at an outer nozzle radius ratio, R°, of 0.853 and an 
inner-to-outer nozzle area ratio, A r , of 0.2. A model with R? = 0.902 and 
A r * 0.53 was tested also. Some of the key geometry features studied were the 
influence of nozzle exhaust struts, a convergent-divergent flowpath on shock 
control, as well as effect of area ratio holding radius ratio fixed, and the 
effect of radius ratio holding area ratio fixed. 

Some of the key results of this investigation were: 

• In simulated flight, the high-radius-ratio coannular plug nozzle 
essentially maintained its jet noise and shock noise reduction fea- 
ture observed under static conditions relative to a baseline conical 
nozzle . 

• The presence of nozzle bypass struts will not significantly effect 
the acoustic characteristic of a General Electric-type nozzle 
design. 

• A unique coannular plug nozzle spectral prediction method was 
evolved based on modern acoustic theories and significant static 
and simulated flight acoustic test results. 

• Diagnostic acoustic and laser velocimeter tests were performed 
which led to observations regarding possible regions of the flow 

in which further coannular plus nozzle shock control research could 
evolve reduction of shock-cell noise. 
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2.0 INTRODUCTION 


The General Electric Company under NASA Lewis Contract NAS3-18008 initi- 
ated an exploratory scale-model acoustic and aerodynamic performance test pro- 
gram to obtain parametric data on unsuppressed and suppressed coannular noz- 
zles. That program was directed toward the development of high velocity jet 
noise technology for Advanced Supersonic Transport application. One of the 
findings of that program, results of which are in Reference 1, was that the 
unsuppressed coannular plug nozzle exhibited acoustic benefits with modest 
performance losses. A follow-on investigation was conducted under Contract 
NAS3-19777 (Reference 2) with the objective to determine the effects of key 
design variables of unsuppressed coannular plug nozzles through a systematic 
static acoustic and wind tunnel aerodynamic performance measurements. The 
variables considered were radius ratio, area ratio, inner stream plug geometry, 
inner and outer stream flow variables, and inner to outer stream velocity and 
weight-flow ratios. The measured data identified the mixed stream velocity 
Vj m x , outer stream radius ratio R r °, inner-to-outer velocity ratio V r , and 
inner-to-outer stream area ratio A r as the parameters that had influence on 
the measured jet noise data. The current study was initiated with the objec- 
tive to confirm the observed coannular nozzle acoustic benefits under simu- 
lated flight conditions. In addition, effort has been made to develop a semi- 
empirical spectral prediction method for coannular plug nozzles that will take 
into consideration the various noise generating mechanisms that have been iden- 
tified in relevant studies (References 1-7). 

To determine the effect of forward flight on the acoustic effectiveness 
of various coannular plug configurations, six coannular model nozzles along 
with a reference circular conic nozzle were tested under both static and simu- 
lated flight conditions. In addition, the influences of nozzle exhaust struts, 
area ratio and radius ratio on jet noise, and a convergent - divergent flowpath 
on shock-cell noise were investigated. The aerodynamic flow conditions for the 
coannular plug nozzle test points were selected to simulate a typical AST/VCE 
operating line and to yield an inverted velocity profile. Furthermore, the 
laser velocimeter was used with five of the test configurations to determine 
the jet plume mean and turbulent velocity distributions and to correalte these 
data with the acoustic results. The details of the configurations and scope 
of testing are summarized in Section 4.0 and the measured acoustic and LV data 
are presented and discussed in Section 5.0. Detailed acoustic and laser- 
velocimeter data are presented separately in the Comprehensive Data Report 
(Reference 8) of this program. 

In addition to the relevance of the measured acoustic results in deter- 
mining the effects of tested parameters on jet and shock-cell related noise 
of coannular plug nozzles, the data of this program were employed during the 
concept screening related to the selection of engine scale hardware for the 
YJ101/VCE tests. These engine tests are being conducted as a part of a multi- 
phase, multiyear GE/NASA test-bed engine program to investigate key technology 
features applicable to an AST powerplant. Furthermore, selected model-nozzle 
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data, obtained during the tests are to be compared with the test— bed engine 
data in order to verify coannular nozzle acoustic data scaling procedures* 
Preliminary correlation of the full-scale engine and scale-model acoustic 
results and verification of the analytical prediction methodology developed 
during this program are reported in Reference 9. 
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3.0 TEST APPARATUS AND DATA REDUCTION PROCEDURES 


All of the acoustic and laser velocimeter tests of this program were per- 
formed in the General Electric Anechoic Test Facility located at Evendale, Ohio. 
A brief description of the test apparatus, the data acquisition, and the data 
reduction procedures is presented in this section. Results of the tests con- 
ducted to determine (1) the acoustic characteristics of the anechoic chamber 
(e.g., inverse square law tests, background noise determination) and (2) the 
mean velocity and turbulence intensity distributions in the free jet, along 
with a detailed description of the aerodynamic/acoustic data acquisition and 
reduction systems are presented in the Comprehensive Data Report of this 
program (Reference 8). 


3.1 GENERAL ELECTRIC ANECHOIC JET NOISE FACILITY 

3.1.1 General Arrangement and Operational Range 

The test facility, schematically and photographically shown in Figure 1, is 
a cylindrical chamber having a diameter of 13.1 m (43 ft) and a height of 21.95 m 
(72 ft). The inner surfaces of the chamber are lined with anechoic wedges made 
of fiberglass to yield a low frequency cutoff below 220 Hz and an absorption 
coefficient of 0.99 above 220 Hz. 

The facility can accommodate model configurations up to 17.3 cm (6.8 in.) 
in diameter. The operating domains of this facility in terms of total temper- 
ature, pressure ratio, and jet velocity are indicated in Figure 2 for single 
and dual flow operation. The required streams of heated air that are produced 
by separate burners pass through acoustically treated plenum chambers for the 
suppression of flow and combustor noise. 

A tertiary duct surrounds the model nozzles with the airflow in order to 
simulate a forward flight up to Mach 0.41. The tertiary air passes through 
a silencer plenum chamber before it is discharged through the 1.2 m (48 in.) 
free-jet exhaust. An overhead view of the tertiary exhaust surrounding a 
test conical nozzle is presented in Figure 3. 


3.1.2 Acoustic Data Acquisition and Reduction 


3. 1.2.1 Acoustic Data Acquisition System 

A schematic of the microphone data acquisition system used to obtain 
acoustic data during tests in the anechoic chamber is shown on Figure 4. 

This system is optimized for obtaining acoustic data up through 80 kHz 1/3— 
octave center frequency. The microphones used to obtain the far field data 
are the B&K 4135 6.4 mm (0.25 in.) condenser microphones. All the tests are 
conducted with the microphone grid caps removed to obtain the best frequency 
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Figure 1. Free-Jet Arrangement in Anechoic Facility. 
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Figure 2. General Electric Anechoic Chamber Operating Domain 
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igure 3. Overhead View of the Tertiary Exhaust with a Test Conical Nozzle 











Figure 4. Acoustic Data Acquisition System 



response. The cathode followers are the transistorized B&K 2619 for optimum 
frequency response and lower inherent system noise characteristics relative 
to the 2615 cathode follower. All systems utilize the B&K 2801 power supply 
operated in the direct mode. 

Power supply output is connected to a line driver adding 10 dB of ampli- 
fication to the signal, as well as adding "preemphasis" to the high frequency 
portion of the spectrum. The net effect of this amplifier is a 10 dB gain 
at all frequencies, plus an additional 3 dB at 40 kHz and 6 dB at 80 kHz due 
to preemphasis. This procedure improves low amplitude, high frequency data. 

In order to remove low frequency noise, high pass filters with attenuations 
of approximately 26 dB at 12.5 Hz and decreasing to 0 dB at 200 Hz are in- 
stalled in the system. 

The tape recorder amplifiers have a variable gain from -10 dB to +60 dB 
in 10-dB steps and a gain trim capability for normalizing incoming signals. 

The prime system used for recording acoustic data is a Sangamo/Sabre IV, 28- 
track FM recorder. The system is set up for Wideband Group I (intermediate 
band double extended) at 120-in. /sec tape speed. Operating at this speed pro- 
vides a dynamic range that is necessary for obtaining satisfactory low- 
amplitude, high frequency acoustic signal. The tape recorder is set up for 
±40% carrier deviation with a recording level of 8 volts peak-to-peak. During 
recording, the signal is displayed on a calibrated master oscilloscope, and 
the signal gain is adjusted to maximum without exceeding the 8-volt peak-to- 
peak level. 

High pass filters are incorporated into the acoustic data acquisition 
systems to enhance the high-frequency data previously lost in the tape re- 
corder electronic noise floor for microphones from 110° to 160°. The micro- 
phone signal below the 20-kHz 1/3-octave band is filtered out, and the gain 
is increased to boost the signal to noise ratio. For microphones from 110° 
to 160°, both filtered and unfiltered signals are recorded on tape. For data 
below 20 kHz, the unfiltered signal is used to calculate the sound pressure 
levels, while the filtered signal is employed for high frequencies. The en- 
tire jet noise spectrum at a given angle is obtained by computationally merging 
these two spectra. 


3. 1.2.2 Acoustic Data Reduction 

Standard data reduction is conducted in the General Electric-AEBG Instru- 
mentation and Data Room (IDR). As shown in Figure 5, the data tapes are 
played back on a CEC3700B tape deck with electronics capable of reproducing 
signal characteristics within the specifications indicated for Wideband Group 
I. An automatic shuttling control is included in the system. In normal oper- 
ation, a tone is inserted on the recorder in the time slot designed for data 
analysis. The tape control automatically shuttles the tape, initiating an 
integration start signal to the analyzer at the tone as the tape moves in its 
forward motion. This motion continues until an "integrat ion complete" signal 
is received from the analyzer at which time the tape direction is reversed; 
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Figure 5. Acoustic Data Reduction System. 




and at the tone, the tape restarts in the forward direction advancing to the 
next channel to be analyzed until all the channels have been processed. In 
addition, a time code generator is utilized to signal tape position as di- 
rected by the computer program control. 

All 1/3-octave analyses are performed on a General Radio 1921 analyzer. 
Normal integration time is set for 32 seconds to ensure sufficient averaging 
time for the low frequency content. The analyzer has 1/3-octave filter sets 
from 12.5 Hz to 100 Hz, and has a rated accuracy of ±1/4 dB in each band. Each 
data channel is passed through an interface to the GEPAC 30 computer where 
the data are corrected for the frequency response of the microphone and the 
data acquisition system. Next, the data are corrected to standard day (15 C, 
70% RH atmospheric attenuation conditions as recommended by Shields and Bass, 
Reference 10) and processed to calculate the perceived noise level (PNL) and the 
overall sound pressure level (OASPL) from the spectra. For calculation of acou- 
stic power, scaling to other nozzle sizes, and/or extrapolation to different far 
field distances, the data are sent to the Honeywell 6000 computer for data 
processing. This is accomplished by transmitting the SPL via direct time- 
share link to the 6000 computer through a 1200 Band Modem. In the 6000 com- 
puter, the data are processed through the Flight Transformed Full-Scale Data 
Reduction (FTFSDR) Program where the appropriate calculations are performed. 

The data printout is accomplished on a high-speed "remote" terminal. The 
FTFSDR Program also writes a magnetic tape for CALCOMP plotting of the data. 
Detailed descriptions of the acoustic data reduction system are given in the 
Comprehensive Data Report (Reference 8). 


3.2 GENERAL ELECTRIC LASER VELOCIMETER 

3.2.1 General Arrangement 

The laser velocimeter (LV) used is a system developed under a USAF/DOT- 
sponsored program and reported in detail in References 11 and 12. The basic 
optical system is a differential Doppler, backscatter, single package arrange- 
ment that has the proven feature of ruggedness for the severe environments en- 
countered in high velocity and high temperature jets. Figure 6 shows a photo- 
graph of the LV system installed in the General Electric Anechoic Jet Noise 
Facility and Figure 7 indicates a schematic arrangement of the laser package. 
The laser beams are projected from below the lens, forming an angle that keeps 
the major axis of the control volume ellipsoid to a minimum. The dimensions 
of the control volume are 0.535 cm (0.21 inch) for the major axis and 0.0518 cm 
(0.020 in.) for the minor axis. The range of the LV control volume from the 
laser hardware is 2.16 m (85 in.). The three steering mirrors and the beam 
splitter are mounted on adjustable supports made from the same aluminum alloy 
in order to eliminate temperature alignment problems. 
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3.2.2 LV Actuator and Seeding 


The remotely actuated platform has vertical, horizontal, and axial travel 
capabilities of 0.813 m (32 in.), 0.813 m (32 in.) and 5.79 m (228 in.), re- 
spectively. The resolution is ±0.1588 cm (0.0625 in.) for each axis except 
for the last 5.28 m (208 in.) of axial travel, which has a resolution of 
±0.3175 cm (0.125 in.). 

Seeding is by injection of nominal 1-ym diameter aluminum oxide (AI2O3) 
powder into the air supply to the burners and to the exit region of the tertiary 
duct so as to seed the entrained air. The seeding equipment used is described 
in Reference 11 (Chapter V, Section 3). However, the air supply to the fluid- 
ized bed column is currently heated to about 394° K (250° F) to prevent powder 
aggregation by moisture absorption. 

3.2.3 Signal Processing and Recording 

The LV signal processor is a direct-counter (time-domain) type similar to 
that reported in Reference 11, but with improvements. These improvements re- 
sult in a lowered rate of false validations and improved linearity and resolu- 
tion. Turbulent velocity probability distributions (histograms) are recorded 
by a NS633 pulse-height analyzer with 256 channels. The data acquired from 
the LV are transmitted to a minicomputer system (PDP 11/45) for storage on disk/ 
tape and data reduction. 

The processing capabilities of the General Electric LV system are as 
follows : 

• Velocity range - 35 to 5000 ft/sec 

• Random error for single particle accuracy (error associated with 
system inaccuracies such as fringe spacing, linearity, stability, 
burst noise) - 0.75% 

• Bias error for mean velocity - 0.5% 

• False data rejection capability (possibility of accepting bad 
data) - 0.0002% 

The GE system uses a 16-fringe control volume where all of the 8 center 
fringes are used in the data acceptance/rejection testing. 


3.2.4 Laser Velocimeter Data Reduction and Typical Test Results 

The concept of using LV measurements for obtaining routine mean and tur- 
bulent velocity profiles can be described as follows. Two beams of mono- 
chromatic light intersect at a point in space and set up a fringe pattern of 
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known spacing. The flow is seeded with small particles which scatter the 
light while passing through the control volume. The scattered light is col- 
lected and the laser signal processor determines the time used by the parti- 
cles to pass through each fringe. A knowledge of the distance and the time 
used by each validated particle enables the construction of the usual histo- 
gram. Then, by statistical techniques, the mean value (corresponding to the 
mean velocity) and the standard deviation (corresponding to the turbulent ve- 
locity) are constructed. 

As with any large number of data samples, guidelines for estimating the 
accuracy of the measured delay are needed. Tables I and II, respectively, 
provide estimates of the percent of error associated in measuring the mean 
and turbulent velocities for a 95% confidence level as a function of the num- 
ber of data samples and level of turbulence. Between 2000 to 5000 data sam- 
ples are taken during a routine measurement. For simple and quick diagnostic- 
type information, this number of samples is sufficient. 

Although the principle of LV measurement is well known, the practical 
aspects of designing a reliable electronic processing unit in order to mon- 
itor valid particles are arduous. Earlier investigators have had great dif- 
ficulty in performing measurements even in low velocity jets, and hence the 
successful use of a LV system in the heated supersonic jets of this program 
represents a major achievement. References 13 through 16 list some of the ref- 
erence materials in which General Electric has demonstrated the capabilities 
of the LV system for measuring mean and turbulent velocities in high temperature 
jet exhaust plumes of supersonic conical and coannular nozzles. 

3.3 DESCRIPTION OF THE FLIGHT TRANSFORMATION TECHNIQUE 

3.3.1 Objective and Concept 

The objective of the General Electric free-jet transformation process is 
to employ far field SPL spectra at various angles to the jet axis (typically) 
for 20 < 5 i50 in increments of 10 ) obtained in a free— jet experiment 

and transform them to yield SPL spectra as would be measured in a true moving 
frame experiment. 

The concept employed is that with area ratios of 50:1 or so and with the 
primary nozzle exhaust plane displaced aft of the free-jet plane sufficiently 
to permit aquisition of acoustic data in the inlet arc (e.g. up to ©i = 150°), 
proper aerodynamic simulation of the effects of forward flight is achieved; 
but that in terms of the acoustic simulation of the effects of uniform flow 
over the primary jet plume noise sources, the free jet achieves this only to 
a limited extent. In other words, the free jet achieves the effect of the 
right source mix but radiating into an environment that more nearly approaches 
a static environment than the environment of sources shrouded by either a finite 
or infinite extent of uniform nonturbulent flow. (The basis of several pre- 
vious investigations has been to assuem that a well-defined region of uniform, 
nonturbulent flow surrounds the sources. This well-defined region is taken as 
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Table I. Estimated Percent Error in the LV Measurement 
of Mean Velocity with 952 Confidence. 


Number of 
Data Samples 


V'/V 

j 



0.2 

0.1 

0.05 

0.025 

10 

14.1 

7.0 

3.5 

1.76 

20 

9.3 

4.7 

2.3 

1.20 

30 

7.4 

3.7 

1.9 

0.93 

40 

6.3 

3.2 

1.6 

0.80 

60 

5.0 

2.6 

1.3 

0.65 

120 

3.6 

1.8 

0.9 

0.45 


Table II. Estimated Percent Error for LV Turbulent 

Velocity Measurements With 952 Confidence. 


Number of Data Samples 

Percent Error 

20 

31.5 

40 

21.8 

60 

17.8 

120 

12.6 

240 

9.12 

480 

6.45 

960 

4.56 

5,000 

2.0 

25,000 

0.89 
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a doubly infinite cylinder of constant circular section equal to the cross 
section of the free-jet exhaust plane.) The acoustic sources in a free jet, 
of course, do not radiate into a completely static environment and hence some 
propagation effects of the free-jet flow do have to be accounted for. 

Based on the above picture, the broad outline of the procedure adopted is 
as follows. Defining as the "static" directivity, the directivity pattern (in 
various frequency bands) that the sources (of the primary jet exhaust plume 
altered by the effects of relative velocity due to imposition of the free jet) 
may be expected to produce if they radiated into a quiescent environment, we 
first deduce this static directivity from the measured free-jet experimental 
data by correcting the latter for propagation effects of the free jet. Since 
the free— jet flow field includes intensely turbulent shear layers through 
which the sound field of the sources must pass before it reaches the far field 
microphones (located in the quiescent ambient), some degree of empiricism (es- 
pecially for the high frequency sound) is involved in attempting to account 
for these propagation effects. 

Once such a static directivity is extracted, it still remains to deduce 
what the noise signature of the source distribution would be if the source 
distribution was not stationary relative to the ambient but moving relative 
to the ambient at the flight velocity. A multiple decomposition procedure 
suitable for the broad band jet noise problem which attempts to synthesize 
the static directivity by ascribing it to a mix of uncorrelated singularities 
was developed in order to enable the prediction of the flight noise. Once 
such a decomposition is completed, we simply apply the dynamic exponent ap- 
plicable to each singularity to derive the flight noise signature. 

In summary, the method starts with directivities from the free-jet ex- 
periment in various third octave bands, corrects these directivities for 
free-jet propagation effects in a frequency-dependent manner to retrieve the 
static directivity, synthesizes the static directivity by a suitable mix of 
uncorrelated singularities, and finally applies the dynamic effect appropriate 
to each singularity to predict the flight noise. It is an inherent feature 
of the method that it works separately with each third octave band directivity 
pattern. The final flight predictions can then be summed to yield either OASPL 
or PNL directivities or simply displayed as flight SPL spectra at various 
angles to the jet axis. (Doppler shift effects on the frequency are fully 
accounted for.) 


3.3.2 Algorithm Description 

A detailed algorithm description is shown in Figure 8 along with the 
applicable nomenclature. Complete description and discussion of this pro- 
cedure can be found in Reference 17. 

3.3.3 Further Details 

The recommended procedure for transformation of free-jet noise to flight 
no se consists of extracting the "basic" directivity from the measured free-jet 
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Figure 8, Algorithm Description, 
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Figure 8, Algorithm Description (Continued) 
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Figure 8. Algorithm Description (Continued) 














Intermediate Calculation 
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Figure 8. Algorithm Description (Concluded) 




data and then applying the "dynamic" effects to determine the noise in flight. 
The basic directivity is the directivity that the sources associated with the 
primary nozzle plume would create, if they radiated into a static rather than 
the free-jet environment. 

Two phenomena are involved that change the directivity of the noise radi- 
ated by the sources associated with the jet plume when the jet is exhausting 
into a free-jet environment as opposed to a static environment. These are: 

a. Refractive Effects of the Free-Jet Flows 


To deduce the refractive effects of the free-jet flow, the following pro- 
cedure is adopted: 

1. At low frequencies (k Q c < 3), the plug flow model solution. for a 
point pressure source is used 

p* « (1 - MfjCos e) -2 

2. At high frequencies (k Q c > 3), the asymptotic high frequency solu- 
tion for a pressure source is used 

p' ~ (1 - MfjCos e)” 1 

At these values of the frequency parameter (k D c < 3), the exhaust arc was used 
to deduce the refractive effect following the method due to Schubert (Refer- 
ence 18). In this method: 

• First, the refractive dip in dB along the jet exhaust axis is deter- 
mined as being product of the jet Mach number and the frequency 
parameter . 

• Then, a shape factor that is essentially Mach number and frequency 
indpendent is used to determine the refractive dip at other angles. 
For the range 3 < k Q c < 6, Ribner's results were used with a linear 
extrapolation in the range 6 > k Q c > 1.25. 

• Based on experimental data, the refractive dip in the exhaust arc 
for k 0 c > 6 was considered independent of k D c, but still linearly 
proportional to Mf j . 

b. Absorptive Effects of the Fine Grain Turbulence in the Shear Layer 
of the Free-Jet 


This relates to the fact that fine-grained turbulence in the shear layer 
of the free jet can absorb sound, expecially at high frequencies. This cor- 
rection is based on Crow's theory that states that the effective absorption 
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coefficient is proportional to the frequency, distance the sound traveled in 
the shear layer, and the square of the Mach number. 


2 

a absorption coefficient * f M fjl 

where Mfj * free jet Mach number 
1 = path length 


Based on the path length that the sound has to traverse, the absorption 
coefficient is assumed to vary with 81 as shown in the following sketch: 



The absorption was calculated assuming an eddy viscosity 

£eddy viscosity * M for Mfj = 0.25 and f * 50 kHz. 
This yields corrections for k o c > 30. The actual expressions 

were 


Corr_ 

T 


90° 



M 

174 

0 


kc 


for 


38.4 
for kc < 


kc > 30 
30 


used 


where M = free-jet Mach number 

k-lj L± 

c a 

a = Radius of the free jet 
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From the measured free-jet data, the refraction and turbulences absorp- 
tion corrections are added to obtain the basic directivity of the sources. 

The basic directivity obtained above is assumed to be generated by a set 
of singularities F 0 , F x , Fy, etc., such that the sound field is a solution to 

+ k^ p = Fo <$(x) <5(y) $(z) + F«* (x) $(y) $ (z) + Fy 6(X) $(y) $ (z) 

where F 0 , F x , Fy are mutually uncorrelated, so that they contribute to 

the far field only additively. As the mean square pressure of any singularity 
is symmetric about both 6=0° and 9 * 90°, the inlet and exhaust arc are syn- 
thesized separately . 

The procedure adopted to determine the dynamic effect is as follows: 

1. From the basic directivity pattern, obtain the normalized SPL's based 
on the least singular fit in both the forward and aft quadrants. 

2. Determine the linearized levels using the equation 

— _ SPL-SPLjjijj 

P = 10 Tn 


3. Decide on a level of fitting using the criterion that the data ought 
to be reconstructed to within an error of 2 dB on the average. 

Then, assuming that the data ought to be reconstructed with the 
least singular distribution of uncorrelated sources possible, the 
problem simplifies to one_of solving a least squares problem of the 
type find x to minimize Irl = (Ax - b) subject to nonnegative con- 
straining x ^ 0. This is done using an algorithm based on the Kuhn- 
Tucker theroem of optimization theory. 

4. The singularities obtained using the Kuhn-Tucker theorem are then 
combined to obtain the least singular decomposition of the sources. 
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5. 


The appropriate dynamic effect is then applied to each singularity 
type to determine the correction that is applied to the measured 
free-jet data corrected for refraction and turbulence absorption. 
If the mean square of the sound pressure is obtained by adding the 
singularities as 


P 0 2 = F o c6+ F l° 4 s2 + F 2 ° 2 s4 + F 3 


where C = Cos 9 
S = Sin 8 


the dynamic effect is calculated using the relation 


Dynamic Effect 


10 lo *10 



10 log in 
*10 


F 0 C 6 + F^S 2 + F 2 C 2 S 4 
k8 k® k® 

n 2 



where k = (1 + Mfj Cos 0) 


6. The levels are then corrected to: 

SPLi = SPL basic + dynamic effect 

flight at 
free- jet 
frequency 

7. Doppler frequency shift results in the flight frequency given by: 

fp = r+ M^Cos 0 

8. Hence SPLp - SPL^ Doppler shifted from free jet to flight. 

Thus, using the above transformation, the free-jet data can be trans- 
formed into flight data. Further discussion of this procedure is found in 
Reference 17. 
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4.0 CONFIGURATION DESCRIPTION AND SCOPE OF TESTING 


To determine the effect of forward flight on the acoustic effectiveness 
of various coanular plug nozzle configurations, six coannular plug nozzles 
along with a reference conical nozzle were tested during this program in the 
General Electric anechoic facility. Furthermore, the laser velocimeter system 
was used with five of these configurations to determine the jet plume mean 
velocity and turbulence intensity distributions and to correlate these data 
with the acoustic results. The details of the nozzle configurations and the 
aerodynamic flow conditions of the tests are presented in this section. 


4.1 CONFIGURATION DESCRIPTION 


Table III summarizes the significant geometric parameters of the test 
configurations. Models 1A through 4 basically are geometrically scaled ver- 
sions of the General Electric VCE/AST test-bed nozzle designs. In particular, 
Models 1A and 2 (both having a C-D outer termination and an inner-to-outer 
area ratio A r - 0.2) are identical in all respects except that Model 1A has 
eight internal struts similar to the VCE/AST test-bed design while Model 2 has 
no struts. Model 3 (A r * 0.2) is similar to Model 2 except that it has a con- 
vergent termination in the outer stream. Finally, Model 4 with an area ratio 
A r * 0.53 is obtained from Model 3 by removing a spacer. The design features 
of these four nozzles are such that (1) the influence of the eight internal 
struts in the outer stream on the far field acoustic measurements, (2) the in- 
fluence of a convergent and C-D terminated outer nozzle on the measured shock 
noise, and (3) the effect of the area ratio (test range = 0.2 -► 0.53 with an 
outer stream radius ratio R? “ 0.853) on the acoustic effectiveness of the 
VCE/AST design can be determined. 

The Model 5 configuration is a single stream conical reference nozzle. 

The remaining nozzle configurations, namely, Models 6 and 7, were selected 
for flight simulated tests for the following reasons: 

• They were tested earlier under static conditions (Reference 2, 
referred to therein as Configurations 6 and 7) over a wide range 
of aerodynamic flow conditions and, hence, a large data base is 
available on these two models for a comparison with the correspond- 
ing flight data from this study. 

• These nozzles have a small area ratio and a large outer stream 
(Reference 2) radius ratio. The static tests have indicated that 
these geometric features are key coannular nozzle suppression 
parameters . 

Detailed drawings of the test hardware are presented in the Comprehen- 
sive Data Report of this contract (Reference 8). 
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Table III. Significant Geometric Details of Test Configurations. 
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4.2 SCOPE OF TESTING 


The aerodynamic flow conditions for the coannular plug nozzle test points 
were selected to simulate a typical VCE/AST operating line and to yield an in- 
verted velocity profile wherein the outer annulus flow is at a higher velocity 
and temperature than the inner stream. To the extent possible, identical 
inner and outer stream conditions were set during those tests that involved 
determining the effect of different geometries and velocity ratios on the 
acoustic characteristics of the nozzles. 


4.2.1 Acoustic Tests 


The total number of static and flight acoustic tests performed with the 
seven selected nozzle configurations was 196. Details of the tests are given 
in Appendix A. These tables list the inner, outer, and mixed stream condi- 
tions of the test points along with the PNL measured at = 50°, 70°, 90°, 
110°, 130°, and 140°, and the OAPWL. PNL data have been scaled and extrap- 
olated to a 1400 in. 2 nozzle exhaust area and a 2400 ft sideline. Detailed 
acoustic test results, including spectral data for each of the test points, 
are presented in the Comprehensive Data Report. 


4.2.2 Laser Velocimeter Tests 

The aerodynamic flow conditions of the LV tests are presented in 
Appendix B. 
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5.0 TEST RESULTS AND DISCUSSION 


The analyses of the acoustic and laser velocimeter measurements obtained 
with the annular plug nozzle configurations of this program are discussed in 
this section. Descriptions of the nozzle configurations and the range of test 
conditions were presented in Section 4.0. 

This section consists of three main subsections. Subsection 5.1 contains 
a discussion of the static and simulated flight acoustic data with emphasis on 
the influences of various coannular plug nozzle geometries and aerodynamic 
flow conditions. The measured shock noise data of coannular plug nozzles also 
are discussed in this subsection. Subsection 5.2 contains a discussion of the 
mean and turbulent velocity measurements taken with the LV. In conclusion, 
Subsection 5.3 describes a unique coannular spectral prediction method devel- 
oped as a part of this contract effort. 


5.1 ACOUSTIC TEST RESULTS 

5.1.1 Verification of High-Radius-Rat io Coannular Plug Nozzle Jet Noise 
Reduction in Simulated Flight 

Earlier experimental investigations reported in References 2 and 17 showed 
that significant jet and shock noise reductions were obtained for high-radius- 
ratio coannular plug nozzles relative to a conical nozzle at the same specific 
thrust in a static environment. A key objective of this investigation was to 
verify this important noise reduction feature under a simulated flight en- 
vironment . 

In the course of the discussion of results presented in this section, a 
number of flight influences will be illustrated for different geometric or 
thermodynamic flow variations. In addition, general results that verify in 
simulated flight the high-radius-ratio coannular plug nozzle jet and shock 
noise reductions previously measured statically are presented. 

The first illustration of the verification of high-radius-ratio coannular 
plug nozzle total jet noise reduction in flight is a plot of the measured PNL 
directivity for a conical nozzle and a coannular plug nozzle of radius ratio 

0.853, an inner-to-outer area ratio of approximately 0.2, and at the same 
specific thrust for a simulated flight speed of approximately 390 fps. The 
coannular plug nozzle chosen for the comparisons is the nozzle with struts 
(Model 1A) which is representative of the similitude YJ101 nozzle config- 
uration. This model nozzle has been designed based on one-dimensional Mach 
number simulation of the exhaust nozzle flowpath of the baseline coannular 
YJ101 nozzle. Details of the engine nozzle and summary of the measured data 
are in Reference 9. The comparison of this model d 

conical nozzle is presented in Figure 9. The 
results are scaled to a typical supersonic cruise engine size of 1400 in. 2 
at a 2400 foot sideline distance. The sample case is for a typical AST/VCE 
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Conical Nozzle 



Figure 9. Verification of High Radius Ratio Coannular Plug Nozzle PNL Directivity: 
Jet and Shock Noise Reduction at Typical Takeoff Sideline Engine Cycle 
and Flight Conditions. 


takeoff sideline engine cycle operating condition (V* m±x ~ 2300 fps and 
p r mix - 3,0). This result shows that, in simulated flight, the high-radius- 
ratio coannular plug nozzle has maintained jet noise and shock noise reduction 
relative to a conical convergent circular nozzle at equivalent specific thrust 
(Vj mix ) and nozzle pressure ratio (p r mix ) . The peak angle jet noise reduction 
measured for this case is 5 PNdB at * 130°, and 6 PNdB shock noise or for- 
ward radiated noise at 0j = 60°. The OASPL directivity for this case is shown 
in Figure 10. For this measurement, the peak jet noise angle is 140°, but the 
relative jet noise reduction at the peak angle is also 5 dB. In the forward 
quadrant at = 60°, the shock noise or forward quadrant noise reduction on 
a OASPL basis is as high as 8 dB. 

Comparisons of the coannular plug nozzle acoustic spectral distribution 
with those of conical nozzle for observation locations from angle to the in- 
let, 6i> of 40° to 160° are shown in Figure 11. These test measurements show 
that at a simulated flight condition of "390 fps, the forward quadrant shock 
noise is considerably reduced - up to 12 dB on a peak spectral basis. In the 
aft quadrant, where jet mixing noise is the dominant exhaust noise mechanism, 
the high-radius-ratio coannular plug nozzle noise reduction is observed to 
occur nearly over all the measured frequency bands. Figures 12 through 17 
illustrate the general static and simulated flight results measured for the 
typical takeoff sideline AST/VCE engine cycle condition. 

Figures 12 and 13 show the static-to-simulated flight PNL and OASPL di- 
rectivity characteristics for the circular conical convergent exhaust nozzle. 

What can be observed from these comparisons is that in the aft microphone ob- 
servation angles the jet mixing noise has been reduced inflight. In the for- 
ward quadrant, or shallow observation angles, a shock associated noise ,, lift ,, 
is observed. The measurements indicate a 4 PNdB noise reduction due to flight 
at the peak aft quadrant noise angle, but a corresponding 4 PNdB forward quad- 
rant amplification of noise at 0x * 60°. 

The spectral st at ic-to-f light comparisons for the conical nozzle are 
shown in Figure 14. These results show that in the forward quadrant there 
is a Doppler shift of the shock associated noise toward higher frequencies 
associated with a general noise amplification. In the aft jet noise measure- 
ment angles, there is a general reduction in the noise signature over all 
frequency bands. 

A comparison set of static-to-simulated flight acoustic measurements for 
the high-radius-ratio coannular plug nozzle is shown in Figures 13 through 17. 

As we generally observed with the conic nozzle, the high-radius-ratio coan- 
nular plug nozzle also shows for this case that in the aft quadrant at the 
peak noise angle there was a reduction in the jet noise with flight. In the 
forward quadrant (e.g., at 0j = 60°), an amplification of the shock associated 
noise is observed again. At the peak jet noise angle, the coannular plug 
nozzle jet noise was reduced by 3.5 PNdB due to flight, while the forward quad- 
rant lift was observed to be about 4.5 dB at 0^. =• 60° (Figure 15). 

The spectral static-to-simulated-f light acoustic test results for the un- 
suppressed coannular plug nozzle are shown in Figure 17. In the forward obser- 
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Figure 10. Verification of High Radius Ratio Coannular Plug Nozzle OASPL 
Directivity: Jet and Shock Noise Reduction at Typical Takeoff 

Sideline Engine Cycle and Flight Conditions. 
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Figure 11. Verification of High Radius Ratio Coannular Plug Nozzle Jet and 
Shock Noise Spectral Distribution at Typical Takeoff Sideline 
Engine Cycle and Flight Conditions. 
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Figure 11. Verification of High Radius Ratio Coannular Plug Nozzle Jet ai 
Shock Noise Spectral Distribution at Typical Takeoff Sideline 
Engine Cycle and Flight Conditions (Continued); 
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Figure 11. Verification of High Radius Ratio Coannular Plug Nozzle Jet a 
Shock Noise Spectral Distribution at Typical Takeoff Sideline 
Engine Cycle and Flight Conditions (Continued). 




Figure 11. Verification of High Radius Ratio Coannular Plug Nozzle Jet a 
Shock Noise Spectral Distribution at Typical Takeoff Sideline 
Engine Cycle and Flight Conditions (Concluded). 
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Figure 12. Comparison of Measured Static and Simulated Flight PNL 

Directivity of a Conic Nozzle at a Typical Takeoff Sideline 
AST/VCE Cycle Condition. 



Scaled to A = 1400 In. , 2400 ft Sideline Distance 
2300 fps, T„ ~ 1700° R, P - 3.0 
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40 60 80 100 120 140 160 

Angle to Inlet, 0^ , degrees 

Figure 13. Comparison of Measured Static and Simulated Flight OASPL 

Directivity of a Conic Nozzle at a Typical Takeoff Sideline 
AST/VCE Cycle Condition. 


Data Scaled to A * 1400 in. , 2400 ft Sideline Distance 
V, ~ 2300 fps, T_ ~ 1700° R, P ~ 3.0 
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Figure 14. Comparison of Measured Static and Simulated Flight Acoustic Spectra 

for a Conic Nozzle - Typical Takeoff Sideline AST/VCE Cycle Conditions. 
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Figure 14. Comparison of Measured Static and Simulated Flight Acoustic Spectra 

for a Conic Nozzle - Typical Takeoff Sideline AST/VCE Cycle Conditions 
(Continued) . 
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Figure 14. Comparison of Measured Static and Simulated Flight Acoustic 

Spectra for a Conic Nozzle - Typical Takeoff Sideline AST/VSE 
Cycle Conditions (Continued) . 
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Sound Pressure Level, dB 



1/3 Octave Band Center Frequency, Hz 


(1) Directivity Angle, 6^, ■ 150° (m) Directivity Angle, 0^, * 160° 

Figure 14. Comparison of Measured Static and Simulated Flight Acoustic 

Spectra for a Conic Nozzle - Typical Takeoff Sideline AST/VCE 
Cycle Conditions (Concluded) . 
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Figure 15. Comparison of Measured Static and Simulated Flight PNL Directivity 
of a Coannular Plug Nozzle at a Typical Takeoff Sideline AST/VCE 
Cycle Condition. 


Data Scaled to A = 1400 In. , 2400 ft Sideline Distance 
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Figure 16. Comparison of Measured Static and Simulated Flight OASPL 

Directivity of a Coannular Plug Nozzle at a Typical Takeoff 
Sideline AST/VCE Cycle Condition. 


Data Scaled to A = 1400 in, # 2400 ft Sideline Distance 
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Figure 17. Comparison of Measured Static and Simulated Flight Acoustic Spectra for a 
Coannular Plug Nozzle at Typical Takeoff Sideline AST/VCE Cycle Conditions. 
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Figure 17, Comparison of Measured Static and Simulated Flight Acoustic Spectra 
for a Coannular Plug Nozzle at Typical Takeoff Sideline AST/VCE 
Cycle Conditions (Continued) . 
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Figure 17. Comparison of Measured Static and Simulated Flight Acoustic 
Spectra for a Coannular Plug Nozzle at Typical Takeoff 
Sideline AST/VCE Cycle Conditions (Continued) . 
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Figure 17. Comparison of Measured Static and Simulated Flight Acoustic 
Spectra for a Coannular Plug Nozzle at Typical Takeoff 
Sideline AST/VCE Cycle Conditions (Concluded) . 


50 


vation angles, the amplification of the coannular shock associated noise over 
the entire spectral range is observed. In the aft quadrant, the flight noise 

reduction is observed to be primarily associated with the lower frequency 
bands of the scaled data (50 Hz to 2000 Hz); while at the higher frequencies, 
the static and flight spectrum are about the same or actually slightly higher 
for the flight conditions. 

As a final general observation from this data set, Figure 18 shows a 
relative PNL and OASPL differences between the static and flight measurements 
in the forward quadrant for the conic and high-radius-ratio coannular plug 
nozzle in order to evaluate the forward quadrant shock noise lift. Shown on 
the figure is a predicted dynamic effect [-40 log (1 - M ac Cos *i)] for shock 
noise. In general, the results seem to be in fair agreement with the simple 
dynamic effect prediction for the conic nozzle and the coannular plug nozzle 
measurements. 


5.1.2 Influence of Geometry on Coannular Plug Nozzle Acoustics 
5. 1.2.1 Influence of Internal Struts 

In order to study the influence of the eight internal struts in the outer 
stream of the VCE/AST test-bed nozzle on the measured far-field noise data, 
tests were conducted with Models 1A and 2 that are geometrically scaled ver- 
sions of the test-bed nozzle but designed with and without struts, respec- 
tively. The measured static and simulated flight (V ac - 390 ft/sec) normal- 
ized PNL^x data that are scaled to a 2400-ft sideline, 59° F standard day and 
a 1400 in. 2 nozzle exhaust area are presented in Figure 19 as a function of 

10 log(V? 1X /c a ) . An examination of this figure indicates that the PNl^ax 
data with and without struts generally agree. Further, the normalized PNl^ax 
data obtained from the YJ101 engine static tests with a nozzle similar to 
Model 1A are presented in Figure 19. Good agreement between the engine and 
model data is noted. 


The PNL directivity patterns of Models 1A and 2 at a typical takeoff con- 
dition (V D ? 1X « 2250 ft/sec, p£ = 3.2), measured under static and simulated 
flight conditions, are presented in Figure 20. Even though the data with/ 
without struts reasonably agree in the aft quadrant, Figure 20 indicates that 
the nozzle with struts is less noisy in the forward quadrants. Such is the 
case from the data presented in Figure 21 comparing the frequency spectra at 
e x = 60° and 130° for Models 1A and 2 and at the typical takeoff condition. 
Furthermore, Figure 21 indicates that the forward angle SPL of Model 2 (with- 
out struts) is usually greater than that of Model 1A (With Struts) for all 1/3— 
octave band frequencies that are greater than 200 Hz. 


Observations similar to those made earlier at the typical takeoff condi— 
f i /\« r.ip tr p qJ fVip iin^prpYnfln/lo/l ( 9 ^Rf) ft / SPT . P— 2 3.8) test 

biuu WCJ.C LlUkCU al b LlC uuuC *. c > * ’ — » i. 

case. However, no significant differences in the with/without strut data were 
observed for the overexpanded cutback case (V^ 1920 ft/sec, P r = 2.3). 
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Simulated Flight Perceived Noise Level Relative to Static, dB 



Figure 18. Simulated Flight PNL and OASPL Relative to Static 
Levels in Forward Quadrant. 
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Data Scaled to Product Size: A « 1400 in. at 2400-ft S.L 
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Figure 19. Normalized Maximum Perceived Noise Level Results for Model 1A 
(With Struts) and Model 2 (Without Struts). 
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5. 1.2.2 Influence of Outer Stream Termination 


To determine the effect of forward flight on the acoustic effectiveness 
of a convergent-divergent (C-D) termination in the outer stream of the VCE/AST 
test-bed scale model, tests were conducted with a Model 2 nozzle having a C-D 
outer termination that is designed for a typical takeoff condition (P° * 

3.21). The measured static and flight acoustic data are presented in Figures 
22 and 23 and are compared with the corresponding data obtained with Model 3 
which has its outer stream terminated at the throat in order to yield a con- 
vergent termination. An examination of the figures indicates no significant 
differences, under both static and simulated flight conditions, in the forward 
quadrant acoustic data of C-D and convergent terminated nozzle configurations. 
But, in the aft quadrant, the convergent terminated configuration is observed 
to be beneficial, particularly during simulated flight. This aft quadrant 
benefit with the convergent terminated nozzle and with no significant differ- 
ences in the forward quadrant data of the two nozzles is observed to be not 
only at the C-D optimum design pressure ratio but also at the other overex- 
panded/underexpanded test cases. This is made clear from the data presented 
in Figure 24 that compares the PNL^q and the normalized PNI^ax data of 

Model 2 with that of Model 3 over a range of V*? lx * 2380 + 1900 ft/sec and 
P? - 3.8 * 2.3. J 


5. 1.2.3 Influences of Outer Stream Radius Ratio and Nozzle 
Area Ratio 


The objectives of this study are to determine, under static and simulated 
flight conditions, (1) the effect of the outer stream radius ratio R° for a 
given nozzle area ratio A r (defined « Ai/A°) and (2) the effect of nozzle area 
ratio for a constant outer stream radius ratio on the acoustic characteristics 
of coannular plug nozzles. The measured data are presented in this section. 


(1) 

Radius Ratio 

Effect 


configurations employed for 

this study are: 

Model 

Ar 


Outer Termination 

4 

0.53 

0.853 

Convergent 

6 

0.53 

0.902 

Convergent 


The tests included a series where the inner-to-out er stream velocity ratio 
was varied. This was achieved by holding the outer stream velocity constant 
at Vj ^ 2300 ft/sec and regulating the inner stream velocity so as to ob- 
tain velocity ratios of 0.16 to 0.70. 

The measured normalized PNLmax data are summarized in Figure 25. The 
data indicate that, under both static and simulated flight conditions and for a 
given area ratio, an increase in the radius ratio of the outer annular nozzle 
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Figure 23. Comparison of Acoustic Data for Models 2 (C-D Outer 
Termination) and 3 (Convergent Outer Termination) at 
Typical Takeoff Condition at Design P° - 3.21, Simulated 
Flight V * 390 Ft/S. r 
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Normalized Maximum Perceived Noise Level, 
PNLN , dB 



(a) Normalized Maximum Perceived Noise Level 



a 


(b) Normalized Maximum Perceived Noise Level 

Figure 25. Influence of Outer Stream Radius Ratio on Normalized 
PNL,^ and EWL; Inner-to-Outer Area Ratio = 0.53. 
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is significantly beneficial in the test velocity range of V 1 ?*-* * 1800 to 
2200 ft/sec. This is indicated also on a normalized EPNL basis in Figure 25. 

The data obtained from the tests involving variation in the inner-to- 
outer-stream velocity ratio are presented in Figure 26. The figure indicates 
that the PNl^ax benefit due to a high outer stream radius ratio is maintained 
over the test velocity ratio range and under both static and simulated flight 
conditions . 

Typical frequency spectra (at * 60°, 90°, and 130°/140°) and normal- 
ized PNL directivities that compare Models 4 and 6 static and flight data at 
ymix « 2100 (V r = 0.2, 0.7) and 1900 ft/sec (V r = 0.4) are presented in Fig- 
ures 27 through 29. An examination of the PNL directivities indicates that, 
while under static conditions, only aft angles benefit from a higher outer 
radius ratio; beneficial acoustic characteristics are observed at all angles 
in simulated flight. In general, the higher radius ratio nozzle results in a 
lower SPL at all frequencies. 

(2) Area Ratio Effect 

The configurations employed for this study are: 


Mode 1 R? 


A r Outer Termination 


3 0.853 0.20 

7 0.853 0.33 

4 0.853 0.53 


Convergent 

Convergent 

Convergent 


The measured normalized PNLjnax data of this study are presented in Fig- 
ure 30 along with YJ101 engine static data obtained with a convergent termi- 
nated coannular plug nozzle having A r = 0.2 and R° = 0^853. ^ ese data indi- 
cate that, for a fixed outer stream radius ratio and Vj , PNLjnax decreases 
with a decrease in the nozzle area ratio. Also, over the test velocity range 
of V^ 1X = 1800 ♦ 2400 ft/sec and under static and simulated flight situations, 
the configuration with A r = 0.2 yielded the lowest measured aft quadrant, 

PNLtnax data. 

Typical frequency spectra (6j * 60*, 90*, and 130 /140 ) and normalized 
PNL directivities of Models 3, 4, and 7 are presented in Figures 31 and 32. 
While in Figure 31 the data are plotted. from tests having identical outer and 

mixed flow conditions (V9 ~ 2300 and Vj 1X ~ 2100 ft/sec), the data presented 
in Figure 32 were obtained from tests having constant outer and inner condi- 
tions (and, hence, a constant V r ). An examination of the data indicates that a 
change in the area ratio had no significant effect on the front quadrant 
acoustics for all of the test cases. In the aft quadrant, although the nozzle 
with the smaller area ratio (0.2) yielded beneficial results for given outer 
and mixed stream conditions (due to a favorable V r ), the nozzle with the 
larger area ratio (0.53) yielded beneficial results for given inner and outer 

conditions (due to the smaller V*j ). 
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Figure 27. Comparison of Model 4 (R - 0.853) and Model 6 

(r° =.0.902) Frequency Spectrum and PNL Directivity 

at r V mix d 2100 ft/s, V = 0.2, A = 0.53. 
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Figure 30. Effect of Area Ratio on PNL for a Given Radius Ratio 








Normalized Perceived Noise Level, dB Sound Pressure Level, dB 










Model Ppint ft /sec 

O 3 3: 

4 41 

7 70: 



1/3 Octave Band Center Frequency, Hz 



0 20 40 £0 B0 100 120 140 1B0 

(a) Static Angle to Inlet, 9^, degrees 


Figure 32. Effect of Area Ratio for a Given Radius Ratio (0.853) 
and Fixed Inner and Outer Conditions. 






5.1.3 Influence of Flow Variables on Static and Simulated Flight 
Acoustics of High-Radius-Ratio Coannular Plug Nozzles 


Within this subsection, several aspects regarding the influence of the 
free stream and the various nozzle flow variables on the acoustics of a typi- 
cal high-radius-ratio coannular plug nozzle are discussed. Discussion of the 
acoustic data measured with Model 7 (R r * 0.853, A r a 0.2) will cover 

(1) variation in free-stream velocity holding V 3 j lx or V? fixed, (2) static and 
free-jet measurements with variations in V*j 1X holding Vj, and T^ lx fixed, 


IX 


(3^ static and free-jet measurements of variations with V? holding V*j 
T™ , Tj constant, (4) nozzle temperature effects, and (5; inner-to-outer 
velocity ratio effects. 


5. 1.3.1 Influence of Free-Jet Velocity for a Constant 

v?, lT X , 

Free-Jet Velocity Influence on PNI^^ and PNL 50 

Several tests with variations in the specific thrust (V*j 1X ) were run while 
holding the outer stream velocity (Vj), the outer stream static temperature 

(Tj), and the mixed stream static temperature (T^ 1X ) nearly constant. These 
correspond to Test Points 7101 through 7114 having the test conditions defined 
in Section 4.2.1. Figures 33 and 34 illustrate the static and simulated flight 
acoustic test results, respectively, at 0j that corresponds to the maximum 
noise angle in the aft quadrant and at 0j * 60° for the following range of 

test conditions: V*j lx ranges from 1500 to 2400 ft/sec; Vj a 1700, 2100, and 

2500 ft/sec; Tj * 1200“ R, fj 1X * 1100“ R. 

Figure 33 illustrates the influence of flight on the normalized PNLmax 

plotted against 10 logio (V*j 1X /C a ). All test results are scaled to a 
typical product engine size. The basic trend of the data is that flight de-r 
creases the peak angle noise at all the tested conditions. At the lower V*j lx 

conditions, the influence of flight on peak angle noise reduction is observed 
to be larger than at the higher Vj 1X conditions. 

In the forward quadrant where shock noise exists, the influence of flight 
is to enhance the noise. These results are shown in Figure 34. The range of 

mixed pressure ratios is P™ lx * 1.9 to 3.5. Roughly, a 3- to 4.5-PNdB for- 
ward quadrant lift is observed over the range of test conditions. It is 
likely that these measurements are influenced by jet mixing noise. However, 
there should not be any influence of temperature since the static temperatures 
for all the tests were approximately constant. Later in Section 5.1.4, some 
of these issues concerning the shock noise will be discussed. 
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Figure 33. Influence of Free-Jet Velocity on Normalized 





Simulated Flight (V - 387 ft/sec) 
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Shock Strength Parameter, 10 log 


Free-Jet Velocity Influence on Directivity and Spectra 


For the full range of test conditions, the static and simulated flight 
acoustic PNL directivity, SPL spectra at 0^ * 60°, 90°, and the maximum 
noise angle are shown in Figures 35 through 38. Figures 35 and 36 show the 
static and simulated flight PNL directivities, and Figures 37 and 38 show the 
corresponding SPL spectra. In general, the results show coannular plug nozzle 
trends described earlier in this section. But, it is worth noting the strong 
influence of flight on shock noise. The results indicate that in-flight shock 
noise may be influencing the coannular plug nozzle acoustic spectra up to 
0j * 110°. This observation is viewed more clearly when comparing the static 
and simulated flight data on one graph. Figures 39 and 40 compare static and 

simulated flight results when Vj lx a 2000 ft/sec and P^ lx * 2.56; Figures 41 
and 42 compare static and simulated flight results when V*j lx * 2400 ft/sec and 
P“ ix - 3.5. 

As an example of subcritical flow conditions, Figures 43 and 44 are shown 
(Vj ix * 1500 ft/sec, P™ lx a 1.75). As a rule, the subcritical tests show a 
greater range of beneficial flight effects on aft angle directivity and spectra 
as compared with the supercritical tests shown in Figures 39 to 42. The flight 
benefit extends beyond = 70° on a directivity basis. The simulated flight 
spectra shown at ©x - 90° and the maximum jet noise angle show reduction at 
nearly all frequencies. 


5. 1.3.2 Influence of Free-Jet Velocity for a Constant 


T? , and 


IX 








General Results 


A series of test points was run where the specific thrust V*j 1X , mixed 
static temperature T^ 1X , and the outer stream temperature T? were held ap- 
proximately constant (V|^ X * 2250 ft/sec, Tj* x * 1250° R, Tj = 1275 R) while 
the outer/inner stream flows were appropriately varied, as well as the free- 
stream velocity. Figures 45 and 46 show typical static test results, and 
Figures 47 and 48 show typical simulated flight results at V ac “ 387 ft/sec. 


The results of Figures 45 and 46 show that, although the outer stream 

velocity ranged from approximately 2300 to 2500 ft/sec (with x fixed), the 
jet mixing noise in terms of coannular plug nozzle PNL levels are relatively 
the same. On a spectral basis, Figure 46 shows that at 0j a 60° and 90 the 
shock noise spectral signature differs with the various combinations of P r 

and P*, even though P® lx (or 10 logflmix) i s maintained, approximately con- 
stant. In simulated flight (Figures 47 and 48), the trends noted above static 
ally are observed also. However, for the test point with the highest outer 
stream pressure ratio (P? * 3.3), greater shock noise amplification is 
observed. It is also worth mentioning here that for 0j > * 120 the static 
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Figure 35. Comparison of Static PNL Directivities at Vj - 1500, 2000, 
2200, and 2400 Ft/Sec. 
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Figure 38. Comparison of Simulated Flight SPL Spectra at V*? iX - 1500, 
2000, 2200, and 2400 Ft/Sec. J 
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Figure 42. Comparison of Static and Simulated Flight SPL Spectra at ~ 2400 Ft/Sec, P m ^ x 
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Figure 47. Simulated Flight, PNL Directivity for \T - 
Holding V“ ix , T™ ix , T° and P mI * Constant. 






and simulated flight aft angle overall noise levels remained relatively insen- 
sitive to inner-to-outer velocity ratio (V r ) changes from 0.41 to 0.92. Fur- 
ther studies on velocity ratio effects are discussed in Subsection 5. 1.3. 5, 
but the general trend is that for a low inner-to-outer stream area ratio (A r ) 
coannular plug nozzle suppression is maintained over a broad range of V r at 
a fixed specific thrust. 


Variation With Free-Jet Velocity 

During this test series, acoustic free-jet data were obtained with 
Model 7 at V ac * 0, 150, 300, and 400 ft/sec. Figures 49 and 50 illustrate 
these results. Shown in Figure 49 is the PNL directivity at the four free-jet 
speeds. Figure 50 shows the corresponding comparison of the spectral charac- 
teristics at * 60*, 90*, and at the maximum noise angle. The nozzle flow 

conditions are Vj lx ~ 2250 ft/sec, P? 1X ~ 2.87, and V; ~ 2400 ft/sec, 
and V r - 0.72. J 

Figure 49 shows that as the flight velocity is increased the aft angle 
noise progressively decreases. However, in the forward quadrant, an opposite 
trend is observed, i.e., as the flight velocity is increased, so does the for- 
ward quadrant noise. From the spectral results shown in Figure 50, it is ob- 
served that as forward speed is increased the spectral level at 6 ma x de- 
creases over the frequency range of 50 to 4 kHz. Thereafter, the classical 
flight effect is not observed. The maximum effect of flight is observed at 
the lower frequencies. At 6i * 90° and 60*, observations show that at the 
lower frequencies (< 2 kHz), the jet noise decreases with an increase in for- 
ward speed. At the higher frequencies, an amplification of coannular plug noz- 
zle noise is observed. This is due to the shock— noise forward quadrant ampli- 
fication with an increase in flight velocity. Other flight tests performed 
with Vj » 2300 and 2500 ft/sec yielded acoustic results similar to the above 
discussed data. 


5. 1-3. 3 Variation in V° Holding Vj lx , T*j lx , T° Constant 

In order to study the effects of outer stream velocity on coannular plug 

nozzle acoustics, a series of test points were run where V? was varied with 
-jnix -mix , _o , , , . J 

v j * » anc * Tj held approximately constant. Under these conditions, it is of 

interest to examine the effect on the static and flight measured high fre- 
quency noise spectra. 


Static Test Results 


Figures 51 through 54 illustrate the results for two specific thrust con- 
ditions (V*j » 1900 and 2250 ft/sec) for outer stream velocities of V? 2000, 
2100, 2200, 2300, 2400, and 2500 ft/sec. 
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Figure 49. Influence of Free-Jet Velocity on Coannular Plug Nozzle PNL Directivity. 
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Static SPL Spectra for v" = 2000, 2100 and 2200 ft/s Holding V 

o ^ 
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Shown in Figures 51 and 52 are the PNL directivity and SPL spectra for 
the case where V^ 1X * 1900 ft/sec and Vj is 2000, 2100, and 2200 ft/sec. 

The results show that while the PNL levels appear to differ the same for the 

three test points the differences can be due mainly to the variation in V r and 

to a smaller extent in V*j 1X . On a spectral basis. Figure 52 demonstrates 
that as Vj increases, the high frequency noise (f > 2000 Hz) increases while 
the low frequency noise remains nearly the same. As Vj was increased so was 
p£ > although P™ lx remained approximately constant. The change and/or in- 
crease in p£ is observed particularly for the case where p£ was subcritical, 
and the outer stream pressure ratio, P^, was at its highest value for this 
test point (P r a 2.534). The amount of influence of shock noise versus jet 
noise is not easily assessed here. This effect will be discussed separately 
in Section 5.1.4. 

Figures 53 and 54 illustrate the results when Vj lx a 2250 ft/sec and 
is - 2300, 2400, and 2500 ft/sec. At this higher condition, the 

Vj variation does not indicate the strong influence of on the high 
frequency noise spectrum at dmax as was observed in the previous case. None- 
theless, it is observed that the low frequency noise remained approximately 
constant and the high frequency noise increased with an increase in Vj. In 
the forward quadrant, the change in shock noise spectrum with increases in P^ 
is seen again. However, a significant change and an amplification are noticed 
when the inner stream is subsonic and the outer stream is fully supercritical 
(P r * 3.3). For this case, which is representative of a typical AST takeoff 
sideline condition, it appears that it would be acoustically preferable to run 
at a reduced outer stream velocity with both streams supercritical rather than 
at a high outer stream velocity and inner stream subcritical for a given spe- 
cific thrust and mixed pressure ratio. 


Simulated Flight Acoustic Results 

The simulated flight acoustic test results are illustrated in Figures 55 
and 56. Results shown here are for the case where V*j lx a 2250 ft/sec, 

P“ lx . 2.88, and Vj » 2350, 2400, and 2500 ft/sec, with T^ ix and Tj approx- 
imately constant at 1200 P and 1275° R, respectively. The results show that in- 
creasing the outer stream velocity at a fixed specific thrust does tend to 
increase the high frequency portion of the e ma x spectra. However, PNL^x is 

relatively insensitive to the variations in Vj and is governed by changes in 
V*j 1X and contributions from lower frequency noise. In the forward quadrant 
and for the case when the inner stream was subsonic and the outer stream su- 
personic, an appreciable increase in shock noise occurred. The benefit of 
running both streams at supercritical conditions rather than just the outer 

stream supercritical (for a given P™ 1X ) is reaffirmed and even more true in 
flight. Still, the effect of these changes on the shock structure for the 
two cases is not understood at this time. 
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The last illustrative example of test results for this subsection is pre- 
sented in Figures 57 and 58. These figures compare the static and simulated 
flight acoustic measurements at Vj * 2387 ft/sec, V*j lx 28 2250 ft/sec, 

P® 1X ■ 2.87, and V r 28 0.72 (typical VCE takeoff sideline conditions). The 
data show that the aft quadrant jet noise is reduced and the forward quadrant 
shock-associated noise is amplified with increase in flight velocity. By and 
large, a significant reduction in low-frequency jet noise occurs with flight, 
offset to some extent by an increase in the high frequency shock-associated 
noise. 


5. 1.3.4 Temperature Effects 

In order to assess the influence of temperature on coannular plug nozzle 
static and simulated flight acoustics, a few test points were run in which the 

outer stream velocity Vj, the inner stream static temperature Tj, and the 

inner stream pressure ratio were fixed and the outer stream temperature 
Tj was varied. These tests were performed on Model 7. The nominal condi- 
tions were as follows: 


Test 


T° 

t t> 

T° 


V J> 

Tt> 

T j 


v*? lx 

V J 

.jmix, 


Point 

ft/sec 

° R 

0 R 

P? 

ft/sec 

0 R 

* R 

P} 

ft/ sec 

° R 

mix 

r r 

7501 

2000 

1200 

860 

3.05 

1340 

830 

680 

2.01 

1840 

825 

2.80 

2000 

2000 

1730 

1440 

2.08 

1350 

830 

680 

2.02 

1790 

1205 

2.03 


Thus, with Vj fixed and V*j 1X differing only slightly, the expected influences 
due to temperature changes are on the jet mixing noise in the aft quadrant. 
However, the forward quadrant noise will be influenced significantly by the 
large change in the pressure ratio. Figures 59 through 61 illustrate the mea- 
sured results. 

Figures 59 and 60 show the static test measurements for the two test 
points. Figure 59 compares the static directivities. The results show that 

by increasing the static mixed stream temperature from T^ 1X a 826 to 
1205° R, but V*j 1X changing from 1840 to 1790 ft/sec, alters the angle of maxi- 
mum noise from 0j * 140° to 120°. Associated with this shift in & max , there is 

also a reduction in PNL max of s 4 dB. An 80 logio V*j 1X and a 20 log Tj 1X -type 
of correlation could account for this change in PNL. In the forward quadrant, 
there exists a 10-dB noise reduction. Based on a 40 log $ mlx > there would be 
a predicted 13.8 dB reduction. Since there is also a significant amount of 
jet mixing noise in the forward quadrant, it is expected that the jet mixing 
noise is holding up some of the forward quadrant noise levels. To better 
illustrate the temperature effect on the aft quadrant noise, SPL spectra re- 
sults at * 130°, 140°, and 150° are presented in Figure 61. Figure 60 
illustrated the influence of temperature at 0 max , but 0 max was different for 
the two test conditions. Figure 61 compares the results at equal values of 
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Figure 57, Static and Simulated Flight PNL Directivity Comparison for V™* X = 2250 ft/s 
P mix = 2.87 and V = 0.72. 
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Figure 59. Influence of Temperature on Coannular Plug Nozzle Jet Noise Directivity for 
^ 1800 Ft/Sec, Static Tests. 
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130°, 140° and 150° for V™ = 1800 Ft/S, Static Tests. 


0j and it indicates that the reduction in the aft quadrant jet noise is ob- 
served at all frequencies and that the relative amount of reduction increases 
as ex increases. 

The corresponding simulated flight acoustic results are presented in Fig- 
ures 62 through 64. The PNL directivity results are shown in Figure 62, which 
indicates that the angles corresponding to a peak PNL in the aft quadrant are 

now the same. However, the actual peak angle for the Tj 1X = 825° R test case 
now occurs at 0x * 90°. This is due to the strpng shock noise contribution 
for this test case, whereas the heated test (T? 1X » 1205° R) is barely super- 
critical and has relatively little coannular shock noise. The next observa- 
tion is that the amount of peak aft quadrant noise reduction due to increased 
temperatures is somewhat greater in simulated flight than was observed static- 
ally. The simulated flight SPL spectra comparisons at 0x * 130°, 140°, and 
150° that are shown in Figure 64 illustrate the broad range of spectral reduc- 
tions due to temperature effects, as was observed in the static test results. 


5. 1.3. 5 Effect of Ratio of Inner-to-Outer Velocities 

In order to determine the effect of the velocity ratio on the noise 
characteristics of coannular plug nozzles (Models 3, 4, 6, and 7), tests were 
conducted where the ratio of inner-to-outer stream velocity was varied. This 
was achieved by holding the outer stream velocity constant at Vj a 2300 ft/sec 
and regulating the inner stream velocity Vj so that velocity ratios of 0.1 
to 0.7 were obtained. The normalized PNl^gx static and flight data (scaled 
to 2400 ft sideline and 1400 in. 2 exhaust area) that were measured during these 
tests are presented in Figure 65(a). An examination of this figure indi- 
cates that the measured PNLj^x for each of the test configurations is a 
minimum at a velocity ratio between 0.4 and 0.5. The data further indicate 
that the variation in the PNL^x with the velocity ratio is more significant 
for Models 3, 4, and 7 (R° - 0.853) when compared to that of the high-radius- 
ratio Model 6 (r£ = 0.902). 

The corresponding mixed stream velocities are presented in Figure 65(b). 

An examination of the data along with the acoustic data indicates that both 
the PNLj^x and the mixed stream velocities vary with the velocity ratio in 
an identical manner for each of the test configurations. A similar observa- 
tion has been made during an earlier NASA-supported static study (Reference 2) 
on a family of coannular plug nozzles. Moreover, after accounting for the 
different values of V? 1X , it was shown during that study that the noise 
levels of nozzles with an area ratio <1 are not affected significantly by a 
variation in the velocity ratio. 

For the purpose of making similar analyses with the static and flight 
data of this study, a linear regression of normalized PNL^x as a function 
of 10 log (Vj llx / C a) f° r each of the four configurations was conducted and 
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Figure 62. Influence of Temperature on Coannular Plug Nozzle Jet Noise 
Directivity for V 1 ? 1 * = 1800 Ft/Sec, Simulated Flight at V ac 
= 387 Ft/Sec. 
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the following expressions obtained (data are summarized in Figure 30 under 
the area ratio study): 

PN LN max . = <*1 + <*2 [l° lo 8 <v£ ix /c a ) ] 

the coefficients A and B are 


Model 

3 


4 

5 


6 


Vac 

ft/sec 

0 

400 

0 

400 

0. 

400 

0 

400 

“i 

85.050 

79.520 

82.98 

90.610 

81.960 

81.040 

82.260 

74.740 

a 2 

6.304 

6.956 

7.34 

3.407 

7.016 

5.981 

7.311 

8.272 

®xy 

0.650 

0.810 

2.65 

2.970 

0.930 

0.780 

0.200 

0.270 


The data of Figure 65(a) were then normalized to account for the different 

values of Vj 11 *. The data so obtained are presented in Figure 66; they in- 
dicate that (1) the acoustic characteristics of the tested nozzles are not 
significantly affected by a change in the velocity ratio, and (2) the consid- 
erable variation in the data observed in Figure 67(a) is mainly due to the 

different values of V*j 1X . 

The spectral characteristics (at 0j ■ 60°, 90°, 130°) and the PNL direc- 
tivities obtained during the velocity ratio study with Models 3 and 4 are pre- 
sented in Figures 67 and 68. Reduction in aft angle acoustic data at velocity 

ratios that correspond to the smallest V*j lx of the test series is indicated. 
Similar data were obtained with the other coannular Models 6 and 7 of this 
study. 

An optimum velocity ratio, at which Vj 1X is a minimum, can be estimated 
from the definition of the mixed velocity as follows: 


f!5lW4i) 2 

p°A°V9 + 

This can be rewritten as 


V^ ix = 

j 


1 + p A V 

„mix _ „o K r r r 

j j 1 + p r A r V r 


where p 

r 




A 

r 


A° 
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For a given Vj and A r and assuming that p r is a constant (over the test 

series of this study Pr ranges from 1.5 to 2.0), the above expression for V*j 1X 
can be shown to result in a minimum value at 


V - 

r 


(1 + P r A r ) 


1/2 


P A 
r r 


1 


which approximates for small values of P r A r to 


V r - 1/2 - 1/8 p r A r 

For example, this expression defining V r for a minimum in V*j 1X will yield 

V r » 0.38 to 0.45 for the test nozzles of this study (A r » 0.2 to 0.53, and 
P^ * 1.5 to 2.0). This confirms the data presented in Figure 65(b). 

In conclusion, this study indicates that the noise levels of nozzles with 
A r <1 are not significantly affected by a variation in the inner-to-outer 
velocity ratio. But, for a maximum benefit in the aft angle noise data, the 
coannular plug nozzles should be operated at a value of V r which yields a 
minimum V*j 1X . 


5.1.4 Special Remarks Regarding Shock Noise and Shock Noise Control 
for High-Radius-Rat io Coannular Plug Nozzles 

In the previous subsections, the general acoustic characteristics asso- 
ciated with coannular plug nozzles have been discussed for static 
and simulated flight conditions. This subsection describes other sig- 
nificant experimental results obtained in the General Electric anechoic test 
facility regarding the effectiveness of a convergent-divergent flowpath 
in shock noise control, the effect of temperature on shock noise, and the in- 
fluence of downstream shock structure on the resultant shock noise signature 
and its control. 


5.1.4. 1 Influence of Contouring for Coannular Plug Nozzles 

During earlier static experiments with high-radius-ratio-coannular plug 
nozzles (Reference .2), it was observed that substantial forward quadrant 
shock noise reduction was achieved with reference to a conical nozzle. 

Figure 69 is a summary illustration of this experimental observation. The 
data show that, at the same shock strength parameter, (as defined in 

the figure), there exists a forward quadrant lift in the static data due to 
the simulated flight, indicating that the coannular plug nozzle still results 
in shock cell generated exhaust nozzle noise. As pointed out earlier in flight, 
this shock-associated noise is amplified in the forward quadrant in simulated 
flight and thus additional noise reduction could be obtained is the shock 
cell pattern could be further mitigated or eliminated altogether. 
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As a first attempt toward obtaining reduced coannular nozzle shock noise, 
the outer shroud of the coannular plug nozzle was extended, holding the 
diameter of the shroud constant and obtaining a nozzle throat to exit plane 
area ratio which would correspond to convergent-divergent design area ratio 
for shock-free perfect expansion at Pg % 3.2. No special contouring was per- 
formed for this nozzle. To evaluate the convergent-divergent effectiveness 
of this simplistic design, a series of heated coannular flow static tests 
was performed. For this test sequence, the area ratio of the nozzle was 
A r 0.2, and the inner stream was held at a pressure ratio of P r - 1.6. For 
the heated outer flow, the outer pressure ratio was slowly varied from 2.5 to 
3.6. Figure 70 illustrates the results. 

The results shown in Figure 70 indicate that shock control was not ob- 
tained. The PNL values at ej ■ 60* show that with a relatively fine grain 
outer nozzle pressure ratio variation over the design condition for perfect 
expansion no significant decrease in the forward quadrant shock noise was 
observed. These results indicate that in order to obtain perfect expansion 
for coannular or annular plug nozzle, proper care in the nozzle flowpath 
contour will be needed. It should be noted here that a subsequent contoured 
convergent-divergent nozzle has been successfully tested under a separate 
NASA contract effort. 


5 . 1 . 4 . 2 Temperature Influences on Coannular Shock Noise 


To determine the effect of temperature on coannular shock cell noise, 
two series of static acoustic tests have been performed. One test series was 
performed when both streams were heated, and the second series of tests was 
performed when both streams were at room temperature - but at nearly the same 
effective pressure ratio or shock strength condition. The results s umm arized 
in Figure 71 show two distinct levels of forward quadrant (0i = 60°) shock- 
cell noise. Figures 72 and 73 illustrate PNL directivity and SPL spectra for 
selected test points at a P® lx ~ 3.0. These results indicate that forward 
quadrant as well as aft quadrant radiated noise was substantially reduced for 
the room temperature jets. It should be noted that room temperature jets are 
at* considerably lower V^ ix and, therefore, result in a lower jet mixing noise 
level. Nontheless, for circular nozzles, Tanna (Reference 19 has shown for 
similar temperature differences that there was no shock noise sensitivity with 
temperature. In actuality, the differences noted above could be temperature 
effects, jet mixing noise effects or a combination of these two effects on the 
shock noise. These diagnostic measurements are insufficient to separate each 
of the effects, but indicate that a temperature influence on the shock noise 
amplitude does exist. Further work in this important area is needed. 


5. 1.4. 3 Influence of Downstream Shock Structure on the Resultant 
Shock Noise Signature 


In specifying the levels of shock noise for any coannular or annular plug 
nozzle configuration, the shock region responsible for shock cell associated 
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Figure 72. PNL Directivity for Coannular Plug Nozzle Tests with Heated 
and Room Temperature Flows. 
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1/3 Octave Band Center Frequency, Hz 

(a) Directivity Angle, 6 r * 60° (b) Directivity Angle, 0^. = 90° (c) Peak Noise Angle 

Figure 73. SPL at 0 = 60°, 90°, and Maximum Angle for Coannular Plug Nozzle Tests with 

Heated and Room Temperature Flows. 






noise levels should be known. Earlier General Electric work (Reference 2) 
with coannular plug nozzles has indicated that the primary contribution to 
the shock cell noise may be due to the downstream shock cell structure. This 
is one reason why the coannular shock noise prediction procedure given in Sec- 
tion 5.3 uses D e q as a characteristic dimension. 

Test results obtained during the present investigation shed some light 
on this subject. Figure 74 shows GE laser velocimeter measurements of 
the axial mean velocity decay for two coannular plug nozzle experiments 
(Model 2). The first experiment is for LV measurements when the outer 
stream and inner streams of the coannular plug nozzle are operating at super- 
critical pressure ratios; the second experiment is for LV measurements when 
operating the outer annular plug nozzle at the same pressure ratio as the 
first experiment but with the inner stream operated at a subcritical pressure 
ratio. The laser velocimeter traces of the first experiment (both streams 
at supercritical conditions) show a strong series of shock cells, the second 
experiment (the inner stream subcritical) shows no downstream shock pattern — 
although the mean velocity is measured to be fully supersonic (well above the 
inner stream velocity). The flow in the outer stream of both of these experi- 
ments was set at the same pressure ratio condition and therefore at equal 
outer stream shock structures and strength. Figures 75 and 76 illustrate com- 
panion static and simulated flight acoustic measurements. The static 
and simulated flight measurements show significant shock noise reduction or 
control in the forward and aft quadrant. Although the peak angle noise was 
not influenced by the observed phenomenon, the flight case duration correction 
was significantly reduced. For a level flyover calculation, a 2.6 EPNdB 
reduction was realized. The above results can be rationalized to make the 
following observations: 

• The control of the downstream shock cell structure as well as the 
shock cell structure in the vicinity of the plug (not all of the 
shock noise was gone for the second experiment) is important to 
annular and coannular plug nozzle shock control. This may imply that 
for coannular plug or annular plug nozzles more than a C-D termina- 
tion will be required for a total shock control. 

• Flow visualization and laser velocimeter measurements will be im- 
portant to further quantify the physical phenomenon. 

• A significant additional flight noise benefit (2.6 AEPNdB for an un- 
suppressed annular/coannular nozzle) may be obtainable if total 
shock noise control can be achieved. 
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Angle to Inlet, 0^, degrees 

Figure 76, Influence of Coannular Plug Nozzle Downstream Shock Structure on PNL 
Directivity - Simulated Flight Acoustic Tests. 


















5.2 LASER VELOCIMETER TEST RESULTS 


A laser velocimeter has been employed as a noninvasive diagnostic tool 
to measure the jet plume characteristics of conic and coannular plug nozzle 
models. A knowledge of the turbulent mixing characteristics of the jets gives 
an insight into the noise radiation from the jets. Extensive surveys of the 
mean and turbulent velocity measurements were performed for a wide range of 
flow conditions for the scale model nozzles. The following were the objec- 
tives for the LV measurements: 

1. Determine the conic nozzle (Model 5) characteristics, at typical 
takeoff condition (viz, * 2411 ft/sec, P r * 3.17, Tx * 1700° R) , 
at static and simulated flight conditions. This would serve as the 
baseline case for the purpose of comparison with other nozzles. 

2. Determine the typical jet plume characteristics of an inverted 
velocity profile coannular plug nozzle operating at typical takeoff 
condition. Model 2 has been chosen for the purpose of illustration. 

3. Evaluate the influence of the outer flowpath termination (i.e., 
convergent or convergent-divergent) on the shock cell structure of 
the plume and its influence on the shock cell noise. 

4. Study the aerodynamic characteristics of the coannular plug nozzles 
operating at off-design pressure ratios (i.e., under- or over- 
expanded nozzles). 

5. For a set of prescribed outer and inner stream conditions, evaluate 
the effect of nozzle area ratio and outer stream radius ratio on 
the plume development. 

6. Determine the influence, if any, of the struts in the outer flowpath 
on the turbulent velocity levels and the mean velocity distribution. 

7. Study the effect of geometric misalignment of the coannular plug 
nozzle on the plume asymmetry. This factor arose during the course 
of LV testing. 

5.2.1 Exhaust Plume Characteristics of a Conic Nozzle 

Figure 77 shows the shock cell pattern for the conic nozzle (Model 5) 
at two radial locations (viz, at the centerline and at the tip of the nozzle) 
for static condition. The aerodynamic test conditions represent typical take- 
off conditions. One observes that there are seven shock cells within the first 
10 diameters of the nozzle at R/R 2 = 0.0, but only one shock cell at R/R 2 * 

1.0 which is due to the deceleration by the ambient air. The location of 
velocity maxima and minima at R/R*? =0.0 and 1.0 occurs at the same X/D loca- 
tion indicating that the Mach disks of the shock cells are fairly normal to 
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Figure 77. Mean Velocity Variation at Two Radial Locations for Conic Nozzle (Model 5) at 
Typical Takeoff Conditions (Static). 











the jet axis. The shock strength parameter, p (« /Mj-l)is equal to 1.0 for P r 
3.21. The average shock cell spacing for the first three cells equals 1.3 D, 
but equals only 1.03 D for the last three cells. The Fisher and Harper-Bourne 
model for shock noise (with L - 1.1 pD) yields an average shock cell spacing 
of 1.1 D, which seems to be a mean of the measured values. 

Figure 78 shows the shock cell pattern for the conic nozzle operating at a 
typical takeoff condition at two radial locations for a free-jet velocity of 
400 ft/sec. There are nine shock cells along the jet axis compared to seven 
shock cells in the static case, and there are two shock cells at R/R 2 = 1-0 
compared to one shock cell in the static case. This indicates the stretching 
of the shock cell pattern (i.e., the length of the jet plume over which the 
jet is locally supersonic) which is due to the reduced shear in simulated 
flight. Also, the average shock cell spacing for the first three cells 
equals 1.42 D compared to 1.3 D in the static case, indicating that the free 
jet has stretched each shock cell, as well. However, the Mach disks of the 
shock cells are still normal to the jet axis and do not seem to be influenced 
by the free jet. A slower decay is perceived in the mean velocity of the jet 
at both radial locations downstream of the shock cell pattern for the free-jet 
case as compared to the static case. Again, this is due to the reduction in 
shear by the free jet. 

Next, the characteristics of turbulent velocity distribution for the conic 
nozzle for static and free-jet cases are studied. Figure 79 shows the axial 
variation of the turbulent velocity at two radial locations for the same static 
case as in Figure 77. Note that within the potential core (i.e., for X < 4D) 
the turbulent velocity remains within 4% of the jet exit velocity along the 
nozzle centerline and increases steadily through the transition and the fully 
developed regions of the jet to a peak value of 15% of Vj at X 2 14D. But, 
the turbulent velocity at R/R^ = 1.0 is about 12% of Vj at one diameter down- 
stream of the nozzle exit plane and rises rapidly to a peak value of about 18% 
and remains within a variation of 2% for about 10 diameters, then drops after 
that. The turbulent velocity at the nozzle tip is fairly high compared to the 
centerline value, since it is in the middle of the shear layer of the jet where 
the turbulent shear stresses are maximum. Recall that the turbulent shear 
stress is directly proportional to the square of the turbulent velocity. As 
one moves downstream, the shear layer widens and, hence, the radial velocity 
gradients at R/R 2 * are reduced, resulting in lower turbulent velocity. 

Figure 80 shows the axial variation of the turbulent velocity for the 
conic nozzle at two radial locations as in Figure 79, in_ the presence of a free 
jet at 400 ft/sec. It is worth mentioning that the turbulent velocities at 
the nozzle centerline are at about the same level as in the static case for 
locations within the potential core. Nevertheless, downstream of the poten- 
tial core, the turbulent velocities are lower in simulated flight indicating 
a reduction in the turbulent shear stresses due to the free jet. At R/R 2 - 
1.0, the turbulent velocity reaches a peak value of 16% of Vj in comparison to 
18% of Vj in the static case - yet another indication of reduced shear due to 
the free jet. 
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Figure 78. Mean Velocity Variation at Two Radial Locations for Conic Nozzle (Model 5) at 
Typical Takeoff Conditions (Flight, V = 400 Ft/Sec). 













Figure 79. Turbulent Velocity Variation at Two Radial Locations for Conic Nozzle (Model 5) 
at Typical Takeoff Conditions (Static). 












Figure 80, Turbulent Velocity Variation at Two Radial Locations for Conic Nozzle (Model 5) 
at Typical Takeoff Conditions (Flight, V ~ 400 Ft/Sec). 













Thus, Figures 77 through 80 indicate that a free jet reduces the shear, 
thereby reducing the decay of the mean velocity and at the same time reducing 
the turbulent eddy velocity. The noise radiated by the jet depends both on 
the mean velocity decay and on the levels of turbulent velocities. Since a 
free jet reduces both parameters, it cannot be definitely concluded whether 
a flight enhances noise production or reduces it. 


5.2.2 Exhaust Plume Characteristics of a Coannular Plug Nozzle 

Model 2 is a geometrically scaled version of an AST/VCE coannular plug 

nozzle (AVA 0 = 0.2, R° = 0.853) with a OD termination on the outer flow- 
path and convergent termination on the inner flowpath but having no struts in 
the outer flowpath. Model 2 has been chosen to illustrate the typical plume 
characteristics of dual flow nozzles with an inverted velocity profile. Fig- 
ure 81 shows the plume development for a typical takeoff condition (Test Point 
201). The radial variation of the mean velocity at various axial stations is 
illustrated. Station A (at X/D e q * 0.243) is upstream of the inner flow exit 
plane, and the presence of only the outer stream is noted. At Station C (at 
X/D e q * 0.678), the inner flow has appeared. The inverted velocity profile is 
clearly demonstrated at Stations G, H, and J (respectively at X/D eq = 1.93, 

2.79 and 5.17). Also observed is the profile asymmetry about the jet axis at 
Stations H, J, and K (respectively at X/D eq - 2.79, 5.17, and 7.56) which can 
be traced to the geometric misalignment of the nozzle (Section 5.2.8). For 
stations downstream of Station K (i.e., for X/D eq > 7.56), the radial profile 
resembles that of a conic nozzle, thus indicating that the dual flow character 
is maintained up to an axial distance of approximately 7.5 D eq from the nozzle 
exit plane. 

Figure 82(a) shows the influence of the free jet on the centerline mean 
velocity distribution for Model 2. Unlike the conic nozzle, the shock pattern 
is not noticeably stretched by the free jet. This can be attributed to the 
differences in geometry and the resulting plume development of the two noz- 
zles. There are seven shock cells under simulated flight conditions and eight 
at static conditions over the same distance, indicating that each shock cell 
is stretched slightly. For X greater than 10 D eq , a slower decay for the 
simulated flight case is seen when compared to that of the static case. A 
similar observation was made earlier with the conic nozzle data. 

The axial variation of the turbulent velocities of the coannular plug 
nozzle under static and simulated flight conditions are presented in Figure 82b. 
Similar to Figures 79 and 80 for the conic nozzle, the data of Figures 82b 
indicates that the free jet has reduced the fluid shear. Hence, in simulated 
flight, the turbulent velocities are lower for all axial locations, and the 
peak turbulent velocity reached is about 3% lower compared to the static case. 

As in the case of the conic nozzle, the centerline turbulent velocities reach 
their peak value at X - 14 D eq . 
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Figure 82. Influence of Simulated Flight on the Centerline Mean and Turbulent 

Velocity Distribution for Coannular Plug Nozzle (Model 2) at Typical 
Takeo f f Conditions. 
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Figure 82. Influence of Simulated Flight on the Centerline Mean and Turbulent Velocity 
Distribution for Coannular Plug Nozzle Model 2 at Typical Takeoff 
Conditions (Concluded) . 





5.2.3 Influence of Outer Flowpath Termination on the Flow 
Characteristics 


AST/VCE Models 2 and 3 are compared in this section to isolate the effect 
of the outer flowpath termination on the shock structure and the resultant influ- 
ence on shock cell noise. Models 2 and 3 are identical coannular plug noz- 
zles, except that Model 2 has a convergent -divergent termination on the outer 
flowpath designed for P r * 3.20 whereas Model 3 has a convergent termination 
on the outer flowpath. 

Figures 83 and 84 compare the axial variation of the mean velocity and 
the shock cell structure for Models 2 and 3 for static and free-jet cases, re- 
spectively. The outer stream pressure ratio for both models equals 3.2 which 
corresponds to the design pressure ratio of Model 2. However, since the inner 
stream is supersonic (P* ■ 3.21) and has a convergent termination for both 
models, the presence of a very strong shock cell pattern can be seen. As 
noted in Figure 81, the dual flow interaction exists for X < 7.5 D eq over 
which most of the shock cell pattern exists. Thus, it is not possible to iso- 
late the influence of the outer flowpath termination and only qualitative 
trends can be extracted. Table IV shows the peak SPL and the corresponding 
peak shock frequency at Qj = 50° for a scaled total flow area of 1400 in.^ and 
an extrapolated sideline distance of 2400 ft. 0i = 50° is chosen because 
shock noise is the dominant noise component in the front quadrant. 

Table IV indicates that for the static and free-jet cases. Model 3 gen- 
erates more shock noise than Model 2 indicating that, although a C-D termina- 
tion on the outer flowpath did not eliminate shock noise, it resulted in a 
small reduction in the shock noise compared to a convergent termination on the 
outer flowpath. 


Table IV. Shock Noise Characteristics of Models 2 and 3. 

• Data scaled to 1400 in. 2 flow area and 2400 ft 
sideline distance. 
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5.2.4 Influence of Under /Overexpansion of Inner /Outer Streams 
On the Cell Structure 


AST/VCE Model 2 has been employed in order to study the influence of off- 
design pressure ratios on the flow characteristics. Figure 85 compares the 
centerline mean velocity axial variation when the outer stream is operated >at 
the design pressure ratio of 3.2 and then at an underexpanded pressure ratio 
of 3.78, keeping the inner stream pressure ratio at 3.21 for both cases. 

Since the inner stream is supersonic, it is observed that a strong shock cell 
pattern occurs for both cases. Yet, because of the difference in the outer 
stream pressure ratios, the inner stream senses a different static pressure 
in both cases. The inner stream shock cell pattern begins with a compression 
wave for P? * 3.2 whereas it begins with an expansion wave for P£ = 3.78. 

There are eight shock cells for the two cases, but the average shock cell 
spacing when P? =3.16 equals 0.9 D e( , and equals 1.08 D eq when P? - 3.78. 

This indicates that an underexpanded outer nozzle effectively lengthens the 
supersonic region of the inner jet. 

Figure 86 compares the centerline mean velocity variation when the 
inner stream is operated at subcritical and supercritical pressure ratios 

keeping the outer stream at an underexpanded pressure ratio (viz, P? - 3.78). 
There is an absence of shock pattern on the centerline when the inner stream 
is subsonic (i.e., p£ * 1.57) and the outer stream is highly supersonic. 

And, when the inner stream is operated supersonically (P^ * 3.21), a 
shock pattern exists consisting of eight shock cells with an average shock 
cell spacing of 1.08 D eq . For this reason, the inner stream pressure ratio 
is seen as a critical parameter in determining the occurrence of the shock 
cell structure of the jet plume and, consequently, the shock associated broad- 
band noise. 

To verify the above statement, the PNL directivities for the two test 
points are compared in Figure 87. Note that the front quadrant noise, which 

is dominated by shock noise (if present), for the case when p£ - 3.21 is 
higher compared to the case when P^ 35 1.57. Also, the peak noise levels for 
both cases are seen to be identical, since the specific thrusts (i.e., V m £ x ) 
for both cases are about the same. At other aft angles, the PNL's are higher 

for p£ * 3.21. The spectral distribution is analyzed next. Figures 88 
through 90 show the spectral content at * 60 P , 130° (peak angle), and 140°, 
respectively. Notice the effective broadband shock noise suppression obtained 
at ei * 60* by having a subcritical inner stream pressure ratio. At the peak 
angle (i.e., 0j * 130*), the PNL's agree and so do the spectra as seen in 
Figure 89. The tones observed at ei * 60* and 140* have been analyzed using 
narrowband data with a band width of 10 Hz and are attributed to shock screech 
and reflections off the exhaust stack of the facility. Acoustic data after 
removing these tones still showed about a 4-5 PNdB reduction in the front 
quadrant noise level by employing the inner stream shock control. 

To further study the influence of the outer stream on the centerline mean 
velocity, variation of the centerline mean velocity is compared in Figure 91 
for three outer stream conditions (viz., outer stream at design P r , under- 
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Figure 85. Effect of Under expans ion of the Outer Flow on the Mean Velocity Distribution Along 
the Centerline of Model 2 for Supersonic Inner Jet. 







































Figure 87. PNL Directivity Showing Front Quadrant Shock Noise Suppression 
By Inner Stream Control. 
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expanded outer stream, and overexpanded outer stream), keeping the inner 
stream subsonic. On the normalized basis also (i.e., V(Vj 1X ) , the center- 
line velocity is maximum when the outer jet is underexpanded and is followed 
by a fully expanded case and then by the overexpanded case. This is due to 
the higher momentum transfer possible when the outer jet is underexpanded 

(Vj — 2563 ft/sec) and is followed by the fully expanded case (Vj * 

2438 ft/sec) and then by the overexpanded case (Vj * 2100 ft/sec). 


5.2.5 Effect of Area Ratio and Outer Stream Radius Ratio on the 
Exhaust Plume Development ™ 

Nozzle area ratio and outer stream radius ratio are two important geo- 
metric parameters that determine the plume growth of coannular plug nozzles. 
AST/VCE Model 6 is a coannular plug Q nozzle with an area ratio (AVA°) of 0.53 
and an outer stream radius ratio (R°) of 0.902, whereas AST/VCE Model 7 has 
an area ratio of 0.33 and an outer stream radius ratio of 0.853. As a result, 
a comparison of the plume characteristics of Models 6 and 7 will show the com- 
bined effect of A^/A° and R r on plume growth. 

Figure 92 shows the axial variation of the mean velocity at the radial 
location corresponding to the midpoint of the outer stream. The aerodynamic 
conditions of the outer and inner streams for both models are well matched 
and the mass-averaged conditions are obviously different due to the differ- 
ences in the area ratio. It can be seen in Figure 92 that the traverse begins 
at X/D e q s 0, since this traverse is at the midpoint of the outer stream. As 
soon as the inner stream appears (at X/D e q » 0.6), the mean velocity for 
Model 6 drops below that of Model 7. As X/D eq increases, the dual-flow char- 
acter becomes prominent, and the differences between the two models increase. 
However, for X > 10 D e q, the two traverses approach one another, indicating 
the diminishing effect of individual stream geometric parameters. Figure 93 
shows the mean velocity axial variation at the radial location corresponding 
to the midpoint of the inner stream, which emerges at X a 0.6 D e q. As seen in 
Figure 92, mean velocity for Model 6 drops in comparison to Model 7 for X be- 
tween D e q and 10 D e q. For X > 10 D e q, the two models have identical mean ve- 
locity decays. These trends are explained below. 

Model 6 has a higher area ratio and a higher outer stream radius ratio 
compared to Model 7. As R r increases, the outer jet grows thinner and will 
suffer greater shear on either side due to the increased velocity gradient. 
Consequently, as R r increases, the outer jet will decay faster and will 
radiate less noise. However, for a given outer stream flow area, increasing 
R r would demand a larger engine diameter and subsequent weight and drag pen- 
alties. For this reason, a tradeoff between the potential noise benefit and 
weight and drag penalties has to be struck. Next, for given inner and outer 
stream flow conditions, as A 1 /A° increases, the amount of inner flow available 
to slow down the outer flow increases, causing the outer flow to decelerate 
faster and to radiate less noise. However, as the amount of inner flow in- 
creases, the mass-averaged velocity (which is also the specific thrust defined 
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Figure 92. Influence of Area Ratio and Outer Stream Radius Ratio on the Mean 
Velocity Distribution at the Midpoint of the Outer Stream. 












Figure 93. Influence of Area Ratio and Outer Stream Radius Ratio on the Mean 
Velocity Distribution at the Midpoint of the Inner Stream. 



















as thrust of the system per unit mass flow rate) decreases and hence the noise 
benefit has to be evaluated on an equal specific thrust basis. 

5.2.6 Effect of Velocity Ratio on Plume Growth 

Velocity ratio (VVV°) is an important parameter which determines the 
velocity gradient between the inner and outer streams and, hence, determines 
the amount of shear exerted by the inner stream on the outer stream. 

LV measurements were taken on Model 2 at two velocity ratios (VVV° = 

0.52 and 0.60), keeping the outer stream conditions the same. Figures 94 
through 96 show the radial profiles at three X/D eq stations. At X/D eq * 1.0 
(Figure 94), the inner stream has just appeared, and the inner streams at the 
two velocity ratios can be viewed distinctly; the outer streams do not show 
any effect due to the differences in the inner stream velocities. At X/D eq * 
1.81 (Figure 95), the plume has come closer to the jet centerline since the 
plug radius has been reduced. The peak outer velocities have remained at the 
same levels as at X/D eq * 1.0, and again the inner streams have no influence 
on the outer streams. Instead, the inner streams have decelerated compared to 
their corresponding values at X/D eq * 1.0. At X/D eq * 2.54 (Figure 96), the 
absence of the plug is observed. The inner velocities have further reduced. 
Though the peak values of the outer velocities have not changed, the outer 
stream has grown wider indicating the momentum loss of the outer stream to 
the ambient. 

The observations noted above can be explained by utilizing the princi- 
ples of momentum transfer. It has been noted that the inner stream does not 
seem to have a noticeable influence on the outer stream, and the variation of 
velocity ratio does not alter the basic plume characteristics of the outer 
stream. Shear stress exerted by the inner stream on the outer stream is a 
dynamic quantity and depends on the ratio of the momentums of the two streams. 
Velocity ratio is a kinematic quantity which only determines the velocity 
gradient, not the shear stress. 

One can define the momentum ratio as 


Momentum Ratio 


w 1 V 1 

w° v° 


The pertinent aero conditions for the two test points considered are listed 
as follows: 


154 


Test 

Point 

V 1 

ft/sec 

P° 

r 

T° 

T 

° R 

Hi 

P 1 

r 

T 

° R 

vf x 

ft/sec 

pmix 

r 

T mix 

T 

° R 

210 

2085 

2.29 

1698 

1258 

2.07 

701 

1907 

2.21 

1484 

219 

2102 

2.30 

1720 

1099 

1.60 

798 

1938 

2.16 

1569 



o 

Normalized Radial Distance, R/Rg 


Figure 94. Radial Profile of the Mean Velocity at X/D e q * 1.0 
Showing the Appearance of the Inner Stream at Two 
Velocities. 
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Figure 96. Radial Profile of the Mean Velocity at X/D e q = 2.54 
Showing the Disappearance of the Plug and Negligible 
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Thus, the momentum of the inner stream available to retard the outer stream is 
small for both test points, but this fact is not evident when one looks at the 
velocity ratio only. In order to have the inner stream exert noticeable in- 
fluence on the outer stream, the momentum ratio has to be increased without 
increasing the velocity ratio. This means the inner-to-outer stream area 
ratio has to be increased and/or the inner-to-outer stream density ratio has 
to be increased. When the inner-to-outer stream momentum ratio is increased, 
the mass-averaged velocity reduces. Therefore, the tradeoff between increased 
shear benefit and lowered specific thrust, due to the increase in the momentum 
ratio, has to be further evaluated. 


5.2.7 Influence of Struts on Mean and Turbulent Velocities 

AST/VCE Models 1A and 2 are identical coannular plug nozzles except that 
Model 1 has eight struts in the outer flowpath while Model 2 has none. So, a 
comparison of the LV measurements of the mean and turbulent velocities just 
downstream of the outer nozzle exit plane (i.e., before the inner flow emerges) 
would indicate the influence of the struts, if any. Figure 97 indicates 
the distribution of the mean and turbulent velocities at X/D e q = 0.29 on 
either side of a strut location for Models 1A and 2. Because there are no sig- 
nificant differences in the mean velocity distribution and in addition, the 
levels of turbulent velocities are the same for both models, it can be con- 
cluded that the struts do not significantly alter the mean and turbulent 
velocity characteristics of the nozzle. 


5.2.8 A Rationale for the Observed Flow Asymmetry 

During the course of the LV testing, certain radial profiles of coannu- 
lar plug nozzles showed asymmetric velocity distribution about the jet center- 
line. Figures 98 and 99 show the LV radial traverses at X/D e q * 7.5 for 
AST/VCE Models 1A and 2, respectively. The asymmetry in peak velocity is 32% 
for Model 1 and 28% for Model 2. The measurement of the annular gap showed 
that the higher velocity occurred on the side with the larger annular 
height. Thus, the velocity profile asymmetry can be traced to the geometric 
misalignment of the nozzle hardware which results in unequal circumferential 
annular gap distribution. Since the outer nozzle in the two cases is oper- 
ating at a supercritical condition, the velocity on the side of larger annular 
height is expected to be higher from a continuity consideration. An exactly 
opposite trend should be expected for subcritical exit conditions. 
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Figure 98. Radial Traverse Showing Mean Velocity Flow Asymmetry for 

Model 1A for X/D - 7.5 with Annular Gap Not Centered Before 
Test. 6q 
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Figure 99. Radial Traverse Showing Mean Velocity Flow Asymmetry for Model 2 for 
X/D ss 7.5 with Annular Gap Not Centered Before Test. 



In order to minimize the velocity asymmetry, the above tests were rerun 
with the annular gap measured and monitored to within ±3% variation circum- 
ferentially. Figures 100 and 101 show the rerun LV radial traverses at 
X/D e q * 7.5 for Models 1A and 2, respectively. Observe that for Model 1A, the 
velocity asymmetry now reduced from 32% to 21%. Similarly, for Model 2 the 
velocity asymmetry was reduced from 28% to 3%. The presence of struts in 
Model 1A and their absence in Model 2 could be the cause for the observed dif- 
ferences in the measured velocity asymmetry even after the gap was monitored. 
The annular gaps were measured and adjusted to within ±3% when the models were 
cold. It is hypothesized that an unequal thermal expansion of the struts 
could have caused Model 1A to be excessively misaligned during the rerun than 
Model 2 and thus account for the different reductions in the velocity asym- 
metry that were observed even after the nozzles were carefully aligned. 


5.2.9 Summary of Observations 

The extensive deployment of the laser velocimeter to measure the mean 
and turbulent velocities of the jet plumes of scale model conic and coannular 
plug nozzles has yielded valuable information regarding the mixing character- 
istics, which in turn has enabled one to understand the noise characteristics 
of these nozzles. 

The principal conclusions of this study are summarized below: 

1. The measured conic nozzle shock characteristics at typical takeoff 
condition agree well with those predicted by the empirical model of 
Fisher and Harper-Bourne. Due to reduction in shear, the free jet 
stretched the shock cell pattern and reduced the decay rate of the 
mean velocity, as well as the levels of the turbulent velocities. 
Thus it is not known whether a free jet reduces shock noise or 
enhances it. 

2. The radial profile measurement at various axial stations for a coan- 
nular plug model showed that the dual-flow character is maintained 
for about 7 to 8 D e n lengths downstream of the nozzle exit. The 
turbulent velocity distribution for a coannular plug nozzle shows 
similar characteristics to those of a conic nozzle. 

3. Although a C-D flowpath for the outer stream did not eliminate shock 
cell pattern, it resulted in a small reduction in the shock noise 
when compared to a convergent flowpath for the outer stream. 

4. A study of the under-/overexpanded nozzles showed that an underex- 
panded outer nozzle effectively lengthens the supersonic region of 
the inner jet. Even so, the outer stream pressure ratio does not 
significantly alter the basic aerodynamic characteristics of the 
inner jet which are mainly functions of the inner stream pressure 
ratio. The inner stream pressure ratio is a critical parameter in 
determining the shock cell distribution, as evidenced by the LV and 
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Figure 100. Radial Traverse Showing Mean Velocity Flow Asymmetry 

for Model 1A for X/D s 7.5 with Annular Gap Centered 
Before Test. eq 
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Figure 101. E-W Radial Traverse Showing Mean Velocity Flow Asymmetry 
for Model 2 for X/D 2 7.5 with Annular Gap Centered 
Before Test. e< * 
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acoustic measurements. If the inner stream is operated at sub- 
critical pressure ratios, considerable amount of shock noise can be 
eliminated with no loss of specific thrust. 

The tones in the data are due to shock screech and reflections off 
of the exhaust stack of the facility. Acoustic data without the 
tones still show about a 4 to 5 PNdB reduction in the front quadrant 
noise level by employing a subcritical inner stream. 

5. The combined influence of the area ratio (A*/A°) and the outer 
stream radius ratio (R r ) was studied using Models 6 and 7. With 

an increase in A^/A° and R£, the outer jet is sheared more strongly 
which results in its faster decay. However, an increase in R£ and 
A^/A 0 would require a larger engine size and would reduce the specific 
thrust. Thus, an optimum value of R? and A*/A ° has to be found. 

6. For the nozzle considered (Model 2, AVA° ■ 0.2, r£ * 0.853), the 
inner stream does not have a noticeable influence on the outer 
stream, and a variation of the velocity ratio does not alter the 
basic plume characteristics of the outer stream. In order to have 
the inner stream exert a noticeable influence on the outer stream, 
the momentum ratio has to be increased without increasing the veloc- 
ity ratio. There exists a tradeoff between the increased shear 
benefit and the lowered specific thrust due to the increase in the 
momentum ratio, which needs to be evaluated by further studies. 

7. The struts in the outer flowpath of the coannular plug nozzle did 
not significantly alter distribution of the mean and turbulent ve- 
locities. 

8. Due to a geometric misalignment, flow asymmetry was noted in some 
coannular plug nozzles. This was minimized in the nozzle having no 
struts by an accurate pretest alignment. For the case of the nozzle 
with struts, a careful alignment did not eliminate the asymmetry but 
did reduce it. 


5.3 A UNIQUE COANNULAR PLUG NOZZLE JET NOISE PREDICTION PROCEDURE 

5.3.1 The Basic Concept of the Procedure 

An effort has been made to develop a semiempirical spectral prediction 
method for coannular plug nozzles operated in the inverted velocity profile 
mode that will account for the various noise-generating mechanisms. The 
effects of flight on coannular jet mixing and shock noise are also predicted. 
The guidelines for such a prediction method are that it be based on the 
physics of the flow and on its noise-radiating characteristics, and yet re- 
main simple. The M*G*B model* (Reference 20) developed under a DOT con- 
tract incorporated the source spectrum, convective amplification, and fluid 


*Mani , Glisbi 
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shrouding effects in order to predict the noise from eddies which are then 
integrated to obtain the jet mixing noise spectra for any jet/jets issuing 
from any given nozzle configuration. However, the M*G*B model calculates the 
aerodynamic properties at each slice of the jet before it can predict the 
radiated noise from that slice. This requires a verified aerodynamic model 
before verifying the acoustic model. As very little detailed aerodynamic data 
is available for coannular nozzles, it was considered useful to develop a semi- 
empirical model using the large acoustic data bank (References 2 and 9) but 
still use the same physical concepts incorporated in M*G*B. 


5.3.2 An Outline of the Prediction Procedure 

The prediction procedure consists of two modules: 

• Coannular jet mixing noise prediction 

• Coannular shock noise prediction. 

Extensive details of these modules, the computer program, user's manual, 
sample input/output cases and comprehensive comparisons with the data can be 
found in Reference 21. Hence, only a brief description of the method is given 
here . 


A. Coannular Jet Mixing Noise 

The method developed to predict the jet mixing noise spectrum identified 
the noise spectrum as being made up of: 

1. Source spectrum due to small-scale, random turbulence eddy fluctu- 
ations 


2. Convective amplification and Doppler shift due to convecting eddies 

3. Fluid shielding or flow shrouding of the eddies by the mean flow. 


1 . Source Spectrum 

The first step in the prediction procedure was to determine the source 
spectrum. The spectrum at 90° is the source spectrum, as there are no convec- 
tion effects or fluid shielding effects. The parameters needed to define this 
spectrum were the characteristic velocity and length scales at this angle of 
emission. From coannular plug nozzle acoustic data (Reference 2), the 90° 
spectrum (made "lossless," i.e., air attenuation added to the measured data) 
showed two distinct regions (Figure 102) which were appropriately defined as 
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Figure 102. Source Spectrum Modeling of High and Low Frequency 
Regions of a Coannular Plug Nozzle. 
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the low and high frequency regions of the spectrum. The high frequency por- 
tion of the spectrum was identified as being generated by the outer flow be- 
fore it merged with the inner flow, while the low frequency portion of the 
spectrum was identified as being generated by the mixed flow. 

Having identified the outer jet as the probable source of the high fre- 
quency portion of the source spectrum, the fully expanded outer jet velocity 
and the hydraulic diameter as defined below were chosen as the characteristic 
velocity and length scales for this portion of the source spectrum (Figure 
103). 


D° * 4 x outer jet noise radiating area 
hyd outer jet noise radiating perimeter 

«2h°(l+R°) (1) 


Similarly, for the low frequency portion of the source spectrum, the mass- 
averaged velocity and the diameter based on the total flow area as defined be- 
low were chosen as the characteristic velocity and length scales, respectively. 
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Having chosen the characteristic velocity and length scales, the large 
acoustic data base for coannular jets was used once again, to determine the 
normalized source spectrum (normalized sound pressure level as a function of 
the Strouhal number). 

For the low frequency noise portion of the source spectrum, the peak 
Strouhal number was observed to be correlated by: 
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R f * Radius Ratio (R^/l^) 
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Figure 103. Schematic of Nozzle Configuration and Definition 
of Parameters. 
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and 
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( 6 ) 


Equation 5 assumes that the total temperature profiles are similar, while 
Equation 4 was observed to predict the same peak Strouhal number for conic 
nozzles as did the SAE method (Reference 22). 

However, for the high frequency portion of the source spectrum, the peak 
Strouhal number was found to correlate by 


r hf ° 

fp Dhyd 

°£\ 
l 

L V° J 

1 A 
|h 

I 


1.18 


where 



0.35 


(7) 


( 8 ) 


Normalization of the SPL's for the low frequency portion of the source 
spectrum was found to be best using the conventional Lighthill and Hoch vel- 
ocity and density dependence laws (References 23 and 24), 


i .e . , 


SPLN LF (f) = SPL LF (f) - C x log 1() (v” 1X / c J 


- 10 lo *io 


( mix , 

p j 7 



- 10 log 10 



(9) 
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where 


C 


1 


75, for v” 1X /C a <2.0 

80, for V? lX /C fl >2.0 
J a 


The shape of the normalized low frequency portion of the spectrum was 
based on that of a conic nozzle, while the absolute level was based on co- 
annular plug nozzle jet mixing noise data. Figure 104 shows the normalized 
low frequency source spectrum for coannular jet mixing noise. 

Similarly, for the high frequency spectrum, normalized SPL's were deter- 
mined in addition to the velocity, density, and area terms, the high frequency 
portion of the source spectrum was influenced by velocity ratio, radius ratio, 
and area ratio that are incorporated into the normalizing factor. These in- 
fluences were empirically derived from the existing data base. The best cor- 
relation was obtained by 


SPLN HF ( f ) * SPL HF ( f ) - 80 log 10 (V?/C a ) 


-10 log 10 ( Pj /p a )“ - 10 log 10 (A°/R 2 ) 

+ 50 lo 8l0 (R r } - 10 lo *10 ( 1+A r) 

-15 log 1() (4.42 V 2 - 4.56 V r + 2.15) 


where 


v*/v? 

J 3 


and 


A i /A C 


( 10 ) 


Figure 105 shows the normalized high frequency portion of the source 
spectrum. Using Figures 104 and 105, the low and high frequency portions of 
the source spectrum are determined, and the frequency (1/3-octave band) at 
which they intersect determines the end of the low frequency and the beginning 
of the high frequency portion of the source spectrum for any set of inner and 
outer jet flow conditions. 
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Effective Low Frequency Strouhal Number, 

S LF - <<f-D e J)/(v“ iX - V ac )).(TfVT a ) eff 


Figure 104. Normalized Low Frequency Spectrum at 6 




Normalized High Frequency Source 
Sound Pressure Level, SPLN® 1 , dB 



.001 .01 .1 1.0 10.0 


Effective High Frequency Strouhal Number, 

SHF = « f * D hyd )/(V j - V ac )) * (T ? /T a ) eff 
Figure 105. Normalized High Frequency Spectrum at 0^ = 90 c 



2. Convective Amplification and Doppler Shift Due to Convecting 
Turbulence Eddies 


As the turbulence eddies (that generate the mixing noise) are convected 
relative to the observer, there is an amplification of the source spectrum in 
the aft angles as well as an attenuation in the forward quadrant. The ampli- 
fication/attenuation is a function of the eddy convection Mach number and the 
observer angle relative to the inlet. The convection Mach number of the tur- 
bulence eddies is given by 

M c * 0.5 [0.55 + ( V j /a 0 ) for V r < 1 -° (11) 

= 0.55 V./a for V £ 1 
jo r 

The above expression was derived from the M*G*B (Reference 10) prediction 
method as applied to inverted velocity profile coannular jets, though the 
constants are different because here the jet exit mean velocity is used in 
place of the local mean velocity. 

The expression for the convective amplification is 

a SPL CA =s(l° logic C) <12) 


where 


and 



a * 0.325 (from Reference 25). 


(12a) 


Balsa* s theory (References 26 through 28) for a conic jet suggests that the 
constant N, which is a function of 6j, is 3 for angles to the inlet less than 
the cutoff angle for shielding and N = 7 for angles greater than the cutoff 
value. Based on these limits, the variation of N with was determined from 
the data base and is shown in Figure 106. The convection Mach numbers were 

calculated using Vj llX and Vj for the low and high frequency portions of 
the spectrum, respectively. 

The frequency shift associated with eddies moving relative to the observer 
is given by 


f 


0 


I 



(13) 


This shifts the peak frequency to lower frequencies in the front quadrant and 
to higher frequencies in the aft quadrant. 
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Convective Amplification Exponent 



Figure 106. Variation of Convective Amplification Exponent with Angle. 
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3. Mean Flow Shrouding 


Since Balsa* s formulation (References 26 through 28) of the shielding 
function must be applied to each eddy in the flow depending on its location 
and the observer angle, a simplification is necessary for a semiempirical pre- 
diction procedure. Gliebe (Reference 29) derived such a simplification for 
conic nozzles by assuming average flow properties to replace the local flow 
properties, thereby determining the shielding function and shielding factor 
(defined later) as functions of observer angle, characteristic flow, geometric 
properties, and source frequency. Comparisons made by Gliebe with data based 
on these assumptions showed reasonable agreement. Based on the initial success 
of Gliebe, his expressions for shielding function and shielding factor were 
scrutinized, refined, and extended here to apply to coannular plug nozzles. 

From Balsa* s analysis, the reduction in noise level radiated by a single 
eddy (Figure 107) due to fluid shielding is given by 


(AdB) shielding " - V 


(R) 1/2 dR 


(14) 


where the shielding function is given by 



where 


f 

| [(1+M c Cos e i ) 2 (C/C a ) 2 ] - Cos 2 B | 


(15) 


(C/C a ) 2 = 0.65 Tj/T a + 0.35 

Instead of defining the shielding function for each eddy, an average shielding 
function was defined where M c and C are now based on the characteristic mean 
velocity of the flow rather than the local mean velocity. The constant of 
proportionality defined as the shielding factor is then given by 

/ fD\ _ 4SPL ( f Shielding n ,x 

U ' (§) (*■*)(») 

Using the data base on coannular jets (Reference 2), a curve of H(fd/C a ) 
versus (fD/C a ) (Figure 107) was determined which could be used with the low 
and high frequency portions of the spectrum. From theory, it can be shown 
that shielding of the noise from the turbulence eddies by the mean flow occurs 
only for negative values of the shielding function g^. So, the angle at 
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at which there will no longer be any shielding is obtained by equating the 
argument of Equation 15 to zero. This yields 


°C - C-' 1 [ (C/Cg) ~ Mg ] C17) 

Using Equations 14 through 17, the reduction in SPL as a function of 
frequency due to fluid shielding can be obtained for the low and high fre- 
quency portions of the spectrum at each angle. 

Therefore, the procedure for predicting the jet mixing noise spectrum at 
any angle for coannular plug nozzles can be summarized as follows: the source 

spectrum is predicted using Equations 1 through 10 and Figures 104 and 105. 
Next, convective amplification effects on both noise level and frequency are 
added using Equations 11 through 13 and Figure 106. Finally, the fluid 
shielding effects are determined using Equations 14 through 17 and Figure 107. 
Then, the predicted sound pressure level at any frequency and angle is given 
by 

SPL (f) - SPL (fs) - ASPL (f) (18) 

1 Doppler shifted fluid shielding 

due to convection 
to (f) 


where 


SPL (fs) 
1 


SPL (fs) + ASPL (fs) 

source convective 

spectrum amplification 


The spectrum thus predicted is lossless (i.e., no air attenuation effects are 
included). It can then be scaled, extrapolated, or simply converted to 
standard day conditions using the appropriate procedures. 


4. Extension of the Jet Mixing Noise Prediction Method to Flight 

In order to apply the prediction method described above to engines in 
flight, the method had to be extended to include the effects of the flight 
velocity on the noise signature. 

Based on comparisons of conic free-jet data transformed to flight with 
static data, the Strouhal numbers corresponding to peaks in the low and high 
frequency components of the coannular jet mixing noise source spectrum are 
modified from those for static predictions as follows: 


/ vf x -v ac \ 

V* ix / l T a / \ v” 1 * / 

j / V /eff \ j / 


0.9 


(19) 
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and 



where V ac ■ aircraft velocity. 

Also, the static source spectrum levels for the low and high frequency 
components of the spectrum are reduced, respectively, by 


mix 

LF V; V ac 

SPIT* - 20 log 1rt : — 

*10 mix 


HF Vi - V ac 

SPL = 20 log in - 2 - ac 


’10 mix 


( 21 ) 


Hence, using Equations 19 through 21, the in-flight source spectrum can be 
predicted. 

To predict the flight spectra at any other angle, the same procedure out- 
lined for static prediction is used with the convection Mach numbers now based 
on relative velocity, i.e., 


M 


r LF 


M 


HF 


■ T [•■» * %?] v r 

=0.55 (V* ix - V ac /a a ) for V r > 1.0 

■ o- 55 ("! - Vac)/Ca f° r V r > 1.0 


< 1.0 


< 1.0 


( 22 ) 


It must be noted that, except at Qj • 90°, this method of predicting flight 
noise spectra does not use the conventional method of applying flight-effect 
corrections to the static spectra in the form of a relative velocity exponent 
as used by several existing methods (References 30 and 31). As a result, the 
controversy of deciding the correct value of the exponent is avoided, as 
suggested in Reference 32. 
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B. Coannular Shock Noise Prediction 


The spectral shock cell noise prediction method due to Fisher and Harper- 
Bourne (FHB) (Reference 33) for conic nozzles has been shown to adequately 
predict the shock noise from conic nozzles over a wide range of operating con- 
ditions, Therefore, the approach taken in formulating a shock noise spectral 
prediction method for coannular nozzles was to use the FHB method with appro- 
priate modifications. 

As the shock structure in any under- or overexpanded jet of a given cross- 
sectional area is a function of the operating pressure ratio and independent 
of the reservoir temperature, it would only seem logical to determine the 
effective pressure ratio of the coannular jet stream based solely on the pres- 
sure ratios of the two streams and not on the temperature at which they are 
operated. This is accomplished by equating the ideal thrust from an equiva- 
lent jet to the sum of the ideal thrusts produced by the inner and outer 
streams of a coannular plug nozzle configuration. By so doing, the effective 
. . ^e f f 

pressure ratio r r D f the equivalent jet can be determined and hence the 
effective (isentropic) Mach number. The effective shock strength parameter is 
then defined as : 


3 eff = V(Mj ff -1) (23) 

where 

M® ff = 2/y-l J\p r eff ) Y ~ 1/Y -lJ (24) 

and P r eff = Pg + P* A r /l + A r 

The equation used in the FHB method for the average shock cell length L 
is 


L = K6D 


(25) 


where 


D = Exit diameter of the nozzles 

3 = Shock strength parameter as defined by Equation 23 
K = 1.1 for conic nozzles 

For coannular jets, based on examining the data (Reference 17), the constant 
K was determined to be a function of and is given by 

K = 0.48 3 eff + 0.54 (26) 


180 


Since the turbulence eddies convecting past the shock cells generate 
the broadband noise, the convection velocity associated with these eddies must 

be identified. The mass-averaged total temperature Tt 1X , and the effective jet 

eff 

Mach number, Mj , are used to determine the effective jet velocity which is 
substituted in the FHB method in order to predict the peak frequency for the 
shock-associated broadband noise. 

With these changes, the FHB method was used to predict shock noise for 
coannul ar jets. On comparing the predicted spectra with that measured, the 
shape was found to be satisfactory but the level was 6 dB too high. Since 
this was consistently observed for several operating conditions, the level 
was lowered by 6 dB and viewed as the noise from two shock cells instead of 
eight. 


1. Extension of Shock Noise Prediction to Flight 

The only difference between the static and flight shock noise is the dy- 
namic effect and the Doppler shift. The dynamic effect is given by 

(SPLp - SPL S ) * 40 log 1Q (1 + M ac Cos 6j) (27) 

which amplifies the shock noise in the front quadrant while it mitigates it in 
the aft quadrant. The Doppler shift is given by 


f F = f g /(l + M ac Cos Bj) 


(28) 


With these two changes, the flight peak noise spectra are predicted. 

The coannul ar jet mixing noise and shock noise routines have been pro- 
grammed, and the total spectra can be predicted for varying operation condi- 
tions and nozzle geometries. 


5.3.3 Comparison of Data and Predictions 

Comparison of the measured OASPL directivity and the 1/3-octave sound 
pressure spectra for a coannular plug nozzle configuration with A r * 0.2 and 
R r « 0.853 and mounted on a VCE engine (Reference 9) operating in the in- 
verted velocity profile mode is shown in Figures 108 and 109. A good agree- 
ment is observed in both the noise level and in the shape of the directivity 
and sound pressure spectra. Additional verification is provided by Fig- 
ures 110 through 112 that compare the measured and predicted variations of 

normalized PNLm ax with 10 log V^ 1X for coannular nozzles of different area 
ratios and radius ratios. 
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Maximum Perceived Noise Level 







Normalized Maximum Perceived Noise Level 
PNL m*v - 10 L °g (F/F_-) - 


A* - 0.907 m" (1400 in.") 
731.5 m (2400 ft) Sideline 
C-D Outer Nozzle 
F . - 22,819 N (5130 lb) 


Measured Engine Data 


s 

3 oo 
: O 

-1 


Predicted 


O/ 


- 2.0 


Mixed Jet Velocity Parameter, 10 Log (V^^/a ) 

j a 

Figure 111, Comparison of Measured Versus Predicted Variation of 
Normalized PNL for a Coannular Nozzle, Area Ratio = 
0.475, Outer Radius Ratio = 0,853. 




• A A = 0.907 m" (1400 in.“) 

• 731.5 m (2400 ft) Sideline 

• C-D Outer Nozzle 

• F , = 22819 N (5130 lb) 


Measured Engine Data 



Mixed Jet Velocity Parameter, 10 Log (V*? lx /a ) 

J a 


Figure 112. Comparison of Measured Versus Predicted Variation of 
Normalized PNL for a Coannular Nozzle, Area Ratio = 
0.2, Outer Radius Ratio = 0.875. 




To assess the in-flight prediction method, the free-jet data from coan- 
nular plug nozzles were flight transformed (Reference 28) and then compared 
with the predictions. This is shown in Figures 113 and 114. A good agree- 
ment is observed in both the spectrum shape and directivity. It must be indi- 
cated here that the data used for comparisons with the predictions were from 
engine and scale model tests, and they were not a part of the data base that 
was used during the development of the prediction method. 
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C-D Outer Nozzle 
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Figure 113. Directivity and Spectral Comparisons of Measured Versus Predicted 
Jet Mixing and Shock Noise for a Coannular Plug Nozzle (Static). 




731.5 a (2400 ft) Sideline 
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Figure 114. Directivity and Spectral Comparisons of Measured Versus Predicted 
Jet Mixing and Shock Noise for a Coannular Plug Nozzle (Flight). 

















6.0 CONCLUSIONS AND RECOMMENDATIONS 


6.1 CONCLUSIONS 

All six high-radius-ratio coannular plug nozzles, along with a reference 
conical nozzle, were successfully tested in a simulated flight environment. 

The nozzle models tested are candidate exhaust nozzle configurations for 
General Electric designs for VCE and AST applications. The nozzle geometric 
variables included: an outer nozzle radius ratio variation (0.853 and 0.902), 

an inner-to-outer nozzle area ratio variation (0.2 and 0.53), nozzles with 
and without struts, and a first simple attempt at a convergent-divergent term- 
ination on the outer stream nozzle for further shock noise control. Most of the 
tests were conducted at elevated exhaust nozzle temperatures (up to 1760° R) 
and at high nozzle pressure ratios (up to 3.6). 

The significant results are: 

• In a simulated flight environment, the unsuppressed coannular plug 
nozzle maintained its general favorable noise reduction features. 

At typical takeoff sideline engine operation, 5 PNdB jet noise re- 
duction and 6 PNdB shock noise reduction were measured relative to 
a reference baseline conical nozzle at the same specific thrust and 
effective nozzle pressure ratios. 

• Outer stream radius ratio and inner-stream-to-outer-stream area 
ratio nozzle geometry parameters were found to influence the simu- 
lated flight acoustic signature similar to what has been observed 
and reported from General Electric static acoustic test results 
(Reference 2): 

A higher outer stream radius ratio results in greater noise on. 
reduction. 

At low specific thrust values, an increase in area ratio will 
increase the jet noise. 

Inner-stream-to-outer-stream velocity ratio is an important design 
parameter. 

a The control of the downstream coannular shock structure can have a 

significant effect on the forward quadrant and aft quadrant radiated 
noise. Up to 2.5 AEPNdB noise reduction for a coannular plug nozzle 
configuration was estimated. 

• To obtain shock control through the use of a convergent-divergent 
termination, great care will be necessary in the aerodynamic con- 
tour of the annular nozzle passages. 
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A unique coannular plug nozzle spectral jet mixing and shock noise 
prediction method was evaluated. The method is based on the physics 
of the flow and its noise-radiating characteristics and is the first 
method to model the source spectrum, eddy spectrum, and fluid 
shrouding in a simplistic fashion. The predicted data were found to 
be in good agreement with measurements over a range of operating 
velocities. The general methodology might be easily extended to 
nozzles of other complex geometries. 


6 . 2 RECOMMENDATIONS 


Based on the studies conducted during this contract effort, the following 
items warrant future investigations: 

• Continue systematic simulated flight acoustic experiments to evolve 
design criterion for shock control of coannular and annular plug 
nozzles using convergent-divergent terminations. 

• Improve evaluation of the influence of temperatures on forward 
quadrant coannular plug nozzle shock noise. 

• Evaluate the flight acoustic spectrum of a candidate multielememt , 
mechanically suppressed coannular plug nozzle. 

• Further evolve the spectral acoustic prediction methodology of this 
study to other complex nozzle geometries for supersonic and 
subsonic exhaust nozzle applications. 
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7.0 NOMENCLATURE 


A 

a 

AST 

C 

c 

CDR 

Corr R 

Corrj 

Corr9o° 

dB 

D 

Dr 

»I 

EPNL 

F 

*ref 

f 

FTFSDR 

g 

H 

h 

Hz 



Cross-Sectional Area 
Radius of Free Jet 
Advanced Supersonic Transport 

Convective Amplification Factor (see Equation 12a) 

Speed of Sound 

Comprehensive Data Report 

Refraction Correction 

Turbulent Absorption Correction 

Turbulent Absorption Correction at 0^ * 90° 

Decibel 

Diameter 

Directivity Factor 
Directivity Factor 

Effective Perceived Noise Level, EPNdB 
Thrust 

Reference Thrust, 5130 pounds 
Frequency 

Flight Transformed, Full-Scale Data Reduction Computer Program 
Fluid Shielding Function (see Equation 15) 

Shielding Factor 
Annular Step Height 
Hertz 

Bessel Functions 
Bessel Functions 
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K 

k 

L 

1 

M 


M 


c 


N 

OAPWL 

OASPL 

P 

Pr 

PNL 

PNLN 

R 

RH 

*r 

S 

SL 

SPL 

SPLN 

T 

u 

V 

VCE 

W 


Constant in Equation (25) 

Wave Numbers, 2r f/c 

Shock Separation Distance 

Path Length 

Mach Number 

Convection Mach Number 

Convective Amplification Exponent 

Overall Sound Power Level 

Overall Sound Pressure Level 

Pressure 

Defined = Pj/P a 

Perceived Noise Level 

Normalized PNL, Defined as PNL - 10 log (F/F re f) (p/Pq)^^- 
Radius 

Relative Humidity 
Radius Ratio 
Strouhal Number 
Side Line 

Sound Pressure Level 
Normalized SPL 
Temperature 
Convection Velocity 
Turbulent Velocity 
Ideally Expanded Velocity 
Variable Cycle Engine 
Weight Flow Rate 
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X 


Axial Distance 



a 


ai, <*2 
8 
y 
€ 

6 

8c 

ei 

1 2 
6 s > 8 s 

V 

P 

a yn 

a) 


Distance Along Plug (see Figure 103) 

Geometric Acoustic Length, ka sin e, see Figure 8 

Geometric Acoustic Length, ka {cos^ e - (1 - M cos e)2}l/2 t 
see Figure 8 

Bessel Functions 

Turbulence Parameter 

Linear Regression Coefficients 

Shock Strength Parameter 

Specific Heat Ratio 

Eddy Viscosity 

Angle Measured Relative to Exhaust Centerline 
cos --1 [1/(1 x M)], see Figure 8 

Angle Measured Relative to the Inlet Centerline 

Plug Angles, Defined in Table III 
Absolute Viscosity Coefficient 
Density 

Standard Error of Estimate, dB 
Density Exponent 


Subscripts 

1 Hub Dimension (defined in Table III) 

2 Tip Dimension (defined in Table III) 

ac Aircraft 

i Initial 

a Ambient Conditions 
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Basic 

c 

E 


ef f 


F 


eq 

fj 

hyd 

max 


P 

J 

r 


S 


T 

W 

60 ° 

e 


Basic (Directivity) 

Critical 

East 

Effective 

Flight 

Equivalent 

Free Jet 

Hydraulic 

Maximum 

Peak 

Based on Ideal Jet Conditions 

Ratio 

Static 

Stagnation Condition 
West 

Evaluated at 6x * 60* 

Value at Angle 


Superscripts 


eff 

HF 

i 

LF 

o 

mix 

T 


Effective 
High Frequency 
Inner Stream 
Low Frequency 
Outer Stream 
Fully mixed Conditions 
Based on Total Area 
Mean Quantity 
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APPENDIX A 


AERODYNAMIC TEST CONDITIONS FOR THE 
ACOUSTIC TESTS 
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NOZZLE - MODEL 1A CONTINUED 
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APPENDIX B 


l 

I 

AERODYNAMIC TEST CONDITIONS FOR THE 
LASER VELOCIMETER TESTS 

Table B-I. Aerodynamic Test Matrix for Laser Velocimeter Tests. 
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